et Freshwater Biology "

Freshwater Biology (2013) doi:10.1111/fwb.12129

Long-term effects of climatic-hydrological drivers on
macroinvertebrate richness and composition in two
Mediterranean streams

GIORGIO PACE, NURIA BONADA AND NARCIS PRAT
Departament d’Ecologia, Freshwater Ecology and Management Group, Universitat de Barcelona, Barcelona, Spain

Introduction

SUMMARY

1. The unique information provided by multiyear data sets can aid in detecting major long-term
trends and making predictions with respect to environmental and biological variables. These trends
are expected to differ among climatic regions but little information exists concerning long-term vari-
ability within a particular climate region.

2. We analysed the long-term (14-year time span) patterns in species richness and composition of
aquatic insects (EPT: Ephemeroptera, Plecoptera and Trichoptera) in relation to changes in tempera-
ture, precipitation and discharge in two reference streams in Catalonia (north-east Spain). Our study
sites were located in the Mediterranean macroclimate region but in different mesoclimatic areas, one
in the Wet Mediterranean climate area and the other in the Dry Mediterranean climate area (WM
and DM, respectively).

3. At the macroclimate scale, precipitation decreased and the frequency of drought events increased
during the 14-year period. Although the mean number of taxa in each of the two sites remained sim-
ilar, there was a replacement of species characteristic of riffle-like conditions by species characteristic
of pool-like conditions over time in both sites.

4. EPT composition differed between sites at the mesoclimate scale, demonstrating the importance of
regional factors. In particular, changes in EPT composition were less variable in WM than in DM
both in the short term and in the long term, indicating that the WM site was less constrained by
climate than the DM site. Such differences between mesoclimates are related to differences in flood
magnitude (higher in WM) and drought frequency (more frequent in DM) as well as local hydromor-
phological differences.

5. Our findings indicate that the streams responded similarly to long-term patterns in large-scale
variables (i.e. those affecting the overall macroclimatic region), but differed with respect to the effect
of local-scale variables (i.e. those differentially affecting each mesoclimatic area). Predictive bio-
assessment models that use reference conditions must incorporate long-term variability to accurately
assess the ecological status of Mediterranean climate streams.
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rise of 1.4-5.8 °C in the next 100 years, depending pri-
marily on the quantity of carbon dioxide emissions from

Long-term variability and trends in the world’s climate, = anthropogenic sources (IPCC, 2001). The consequences
especially global warming, have been identified as seri-  of global warming are reflected at global and regional
ous threats to the biosphere (Rosenzweig et al., 2008). scales in terms of changes in key climatic variables such
Global surface temperatures have increased by 0.6 °C  as precipitation and atmospheric moisture, snow cover,
during the 20th century, and climate models predict a  extent of land and sea ice, sea level and atmospheric
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and oceanic circulation (Palmer & Raisanen, 2002; Milly,
Dunne & Vecchia, 2005). Models forecast that water
stress may become particularly acute in the south-west
USA, Mexico, the Mediterranean Basin and the Middle
East, where rainfall may decrease from 10 to 25%
regionally and up to 40% locally (Shindell, 2007). In
addition, global change has been shown to significantly
affect biodiversity at global, regional and local scales
(Heino, 2009; Heino, Virkkala & Toivonen, 2009), and
future predictions are not optimistic (Sala et al., 2000).
This problem is particularly acute for freshwater ecosys-
tems with increasing evidence suggesting that streams
and rivers will be among the most sensitive of ecosys-
tems to the effects of global change (Ormerod & Dur-
ance, 2009).

Multiyear data sets (e.g. with more than 10 years)
provide vital information concerning long-term vari-
ability in ecosystem characteristics and dynamics. In
addition, such data sets allow us to detect major trends
and to make future predictions with respect to the
environmental and biological variables (Legendre &
Legendre, 1998) relevant to investigations of global
change. However, the period of observation must be
sufficiently long to allow the determination of statisti-
cal significance of findings and to support predictions
(Miiller et al., 2010). Only a small number of freshwater
studies comprise more than a few years of data (i.e.
>10 years; Jackson & Fureder, 2006). These have mainly
focused on the effects of long-term fluctuations in
hydrology, temperature, extreme events or climatic
cycles (e.g. hydrology: Daufresne, Lengfellner & Som-
mer, 2009; drought: Mouthon & Daufresne, 2006; freez-
ing: Mulholland et al., 2009; NAO: Bradley & Ormerod,
2001; or ENSO: Beéeche & Resh, 2007b). Such studies
have demonstrated that long-term trends in these
environmental variables induce changes in life history
characteristics and community structure (Harper & Pec-
karsky, 2006; Burgmer, Hillebrand & Pfenninger, 2007;
Durance & Ormerod, 2007; Richter et al., 2008). For
example, studies of the mayfly Baetis bicaudatus in
high-altitude streams of western Colorado (USA) have
shown that the amount of run-off from accumulated
winter precipitation is correlated with the timing of
metamorphosis to the adult stage, with mayflies emerg-
ing earlier in drought years and later in wetter years
(Peckarsky, Taylor & Caudill, 2000). Furthermore, stud-
ies in central France confirmed that climatic warming,
particularly the effects of the heat wave of 2003,
affected Mollusca community structure, with a rapid
decrease in densities and species richness (Mouthon &
Daufresne, 2006).

Most long-term research in streams has focused on
temperate climate ecosystems, particularly those of
central Europe (Rosenzweig et al., 2008). However, long-
term changes in temperate streams might not be repre-
sentative of other climate regions in Europe where
precipitation and temperature patterns vary widely
among years, such as the Mediterranean region (Gasith
& Resh, 1999). For example, changes in the North Atlan-
tic Oscillation index (NAO index) lead to changes in
temperature, precipitation and run-off across Europe
(Arnell, 1999), with patterns in the northern temperate
regions being positively correlated with the NAO index
and those in the southern Mediterranean regions exhibit-
ing a negative correlation (Shorthouse & Arnell, 1997).
In addition, Mediterranean rivers are naturally subject to
stress, with high seasonal variability in flow and inter-
ruption of superficial water for several months during
the dry period. Apart from this seasonal variability, the
few existing long-term studies of these systems have
also revealed strong interannual variability that has sig-
nificant consequences for stream biota (e.g. in California:
Béche et al., 2006; Béche & Resh, 2007a,b; Lawrence et al.,
2010).

In addition to the variability observed among macro-
climatic regions (i.e. temperate and Mediterranean), the
climate within a region can be modified by orography,
altitude, orientation relative to coastline and continental
and oceanic influences (Aschmann, 1973; Conacher &
Sala, 1998). These local-scale variables can produce par-
ticular mesoclimatic and microclimatic patterns (Nahal,
1981; Daget, Ahdali & David, 1988). For example, it is
generally accepted that altitude is the main factor gov-
erning spatial variability in precipitation and tempera-
ture, with drier and warmer mesoclimates at low
altitudes than at high altitudes (Sevruk, 1997). However,
less information exists concerning long-term variability
within a particular climatic region, and long-term trends
may not be uniform in highly heterogeneous regions.
The need to analyse long-term changes at different spa-
tial scales has been of great interest in bioclimatic mod-
elling (Wiens, 2002; Aratjo & Guisan, 2006). As different
processes dominate at different scales (Heuvelink, 1998),
and because spatial scale affects model projections (Triv-
edi et al., 2008), large-scale models should be compared
with local-scale models to improve prediction accuracy.
However, although local-scale models may be more
appropriate for projecting climate change, they have the
disadvantage of requiring fine-resolution climate and
species data, which are not always easily obtained.

The main objectives of this study were (i) to
describe the long-term changes (i.e. over a 14-year
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time span) in the taxonomic composition of aquatic
macroinvertebrates in two undisturbed headwater sites
located in a common macroclimatic region (the Mediter-
ranean climate region) but in different mesoclimatic
areas and (ii) to relate these biological changes to long-
term climatic and hydrological variability. The two mes-
oclimatic areas were the Wet Mediterranean climate area
and the Dry Mediterranean climate area: WM and DM,
respectively. Our general hypothesis was that the two
streams should respond similarly with respect to long-
term patterns of large-scale variables (i.e. those affecting
the overall macroclimatic region) but differently with
respect to local-scale variables (i.e. those differentially
affecting each mesoclimatic area). Thus, for example, the
observed decrease in precipitation in Southern Europe
(IPCC, 2001; Shindell, 2007) would result in a decrease
in river flow regimes and an increase in low pulse dura-
tion with time in both streams. Consequently, the num-
ber of taxa adapted to such high-stress conditions would

Long-term trends in Mediterranean streams 3

increase in both mesoclimatic areas over time. However,
given that the two sites differed with respect to local-
scale variables, such as mesoclimate variables (e.g. small
differences in temperature or rainfall related to differ-
ences in altitude), long-term biological changes were
likely to differ. In particular, we hypothesised that
changes in community structure in WM will be less vari-
able than those in DM, where seasonal and interannual
variability is expected to be higher.

Methods
Study area

The two study sites were located in the Llobregat River
catchment in NE Spain (Table 1). The WM site (Castellar
de n'Hug: 42°15'31.65"N; 1°58'34.19"E) was located at
higher altitude (1360 m.a.s.l.) in the headwaters of the
Llobregat River. The DM site (Santa Maria de Merles:

Table 1 Stream type and geographical, hydromorphological and physicochemical characteristics of the studied streams

Stream sites

Sub-basin Llobregat Merles
Site Castellar de n’'Hug Santa Maria de Merles
Stream type characterisation
Hydrology Perennial Perennial
Geology Calcareous (Karstic) Calcareous (Karstic)
Ecoregion (Illies, 1978) Mediterranean Mediterranean
River type (Med-GIG, WFD RM-4 RM-4

2000/60/CE)
Subtypes of river

Calcareous Wet

Calcareous Mediterranean

management (Munné & Prat, 2004)
Microclime
Code

Geographical and hydromorphological features
Latitude
Longitude
Altitude (m.a.s.l.)
Distance from source (km)
Slope of the waterbody
Drainage basin (km?)
Average channel width (m)
Average max depth (m)

Physicochemical characteristics
P-PO,>" (mg L") (mean + SD)
N-NO;~ (mg L™") (mean + SD)
N-NO, ™ (mg L") (mean + SD)
Conductivity 25 °C (uS cm™?)

(mean + SD)
pH (mean + SD)
D.O. (mg L™") (mean + SD)
Ecological quality state (sensu
WEFD)

mountain rivers (1b)
Wet Mediterranean
WM

42°15'31.65"N
1°58'34.19"E
1360

3.5

16

9.62

8.75

0.44

0.03 + 0.08

0.62 £ 0.46

0.02 £ 0.07
256.9 + 51.48

8.30 + 0.32
10.46 + 1.53
Reference condition

mountain rivers (2b)
Dry Mediterranean
DM

42°1'25.31"N
1°59'38.31"E
550
254
1.45
107.08
5.54
0.33

0.02 + 0.02
0.42 £+ 0.86
0.02 £+ 0.06
480.51 + 98.31

8.27 £ 0.35
9.32 + 1.52
Reference condition
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42°1'25.31"N; 1°59'38.31"E) was situated in the Merles
Stream, one of the main tributaries of the Llobregat
River, in a mid-altitude mountainous area (550 m a.s.l.).
Site characteristics can be found in the ECOSTRIMED
public (www.diba.cat/parcsn/qualitatrius).
The two sites were subjected to similar macroclimatic
conditions, shared similar geological characteristics (cal-

database

careous) and had karstic permanent sources. Riparian
vegetation was dominated by Pinus sylvestris, Ulmus
minor, Alnus glutinosa and Fraxinus angustifolia in WM,
whereas Pinus halepensis, Populus nigra and Salix alba
were dominant in DM. Substrates mainly comprised
boulders and cobbles in both sites. Filamentous green
algae, diatoms and some macrophytes occurred in some
years, mainly in DM.

Following Munné & Prat (2004), both sites were classi-
fied under the same river type (Mountain Calcareous)
but into two different river subtypes: 1b-Calcareous Wet
mountain for WM and 2b-Calcareous Mediterranean
mountain for DM. The two sites were therefore located
in the same macroclimatic (regional) area but in different
mesoclimatic areas, and they differed with respect to
several local-scale variables (Table 1). In addition, both
sites fulfilled the criteria for reference conditions pro-
posed by Sanchez-Montoya et al. (2009), which allowed
us to study long-term changes in aquatic communities
under nearly undisturbed environmental conditions.

Environmental data

We built an ombrothermic diagram for each site to
describe its general macroclimatic characteristics using
monthly temperature and precipitation data recorded at
nearby sites for the period 1941-2008 (data from the
Meteorological Catalan Institute). We also calculated
several climatic and hydrological variables using gaug-

ing station data recorded at nearby sites for the period
1995-2008 (data from the Catalan Water Agency). To cal-
culate the hydrological variables that reflect the different
components of the flow regime during the study period,
we used the Indicators of Hydrological Alteration soft-
ware (IHA ver 7.1, The Nature Conservancy, 2009).
From the available IHA parameters, we selected four
surrogates of flooding and drought: the magnitude of
monthly condition (Q mean), the magnitude of extreme
condition (Q Max), the frequency of minimum discharge
(low pulse) and the constancy of flow (Base Flow Index,
BFI) (Table 2). These four variables were considered to
be optimal for our purposes, and many other variables
calculated with IHA were strongly correlated with the
selected variables.

Invertebrate data

We wused macroinvertebrate data collected during
the ECOBILL project (http://ecobill.diba.cat/index.php?
page=portada), a long-term monitoring programme con-
ducted by the Freshwater Ecology and Management
(F.EM.) research group at the University of Barcelona
(http:/ /www.ub.edu/fem) since 1994. This programme
includes data from 42 sites in the Barcelona region (NE
Spain; Prat & Rieradevall, 2006). To produce comparable
results, sampling followed the same protocol for all sites
and years. Each site was visited twice each year (spring
and summer). The protocol consisted of an initial 3-min
kick sample from all of the available habitats with a net
of 250-um mesh size. Samples were first examined in the
field; to capture all site biodiversity, successive samples
were taken until no additional families were found
(GUADALMED protocol; Jdimez-Cuéllar et al., 2002).
The first kick sample was taken and complemented with
one individual of each new family found in the succes-

Table 2 Summary of [HA parameters selected in our study (The Nature Conservancy, 2009)

Code Type Descriptions Ecosystem influences

Q mean Magnitude of monthly water Mean value for each Habitat availability for aquatic organisms. Influences water
conditions calendar month temperature, oxygen levels, photosynthesis in water column

Q Max Magnitude and duration of ~ Annual maxima calculated Structuring of aquatic ecosystems by abiotic versus biotic factors.
annual extreme water on 3-day means Structuring of river channel morphology and physical habitat
conditions conditions. Influences bed-load transport, channel sediment

textures, and duration of substrate disturbance
Base Flow Annual water conditions Calculated as: 7-day Structuring of river channel morphology and physical habitat

Index (BFI)
flow for year
Number of low pulses

Low pulse Frequency and duration of

extreme water conditions

minimum flow / mean

within each water year

conditions

Duration of stressful conditions such as low oxygen and
concentrated chemicals in aquatic environments
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sive samples. Samples were sorted in the laboratory and
preserved in 70% alcohol. For the purposes of this study,
we identified all Ephemeroptera, Plecoptera and Tri-
choptera (EPT) collected from 1995 until 2008 to the
highest possible taxonomic resolution (generally species,
or operational unit, and genera when the highest level
of resolution was not possible). We used several existing
taxonomic keys for Spanish and European faunas (Belfi-
ore, 1983; Buffagni, 1997; Viera-Lanero, 2000; Tierno de
Figueroa et al., 2003; Bonada et al., 2004), and for the
most difficult genera, we consulted Spanish and Euro-
pean specialists. For each identified taxon, we categor-
ised abundance into one of four ranks: 1 for 1-3
individuals/sample, 2 for 4-10, 3 for 11-100 and 4 for
more than 100 individuals/sample.

Data analysis

We used mean annual and seasonal values of precipita-
tion, temperature and discharge data from 1995 to 2008
(Table 3) and applied a Wilcoxon test (Hollander &
Wolfe, 1973) using log-transformed data to identify gen-

Table 3 Mean annual climatic data and discharge attributes for the
Wet Mediterranean (WM) and Dry Mediterranean (DM) sites dur-
ing the cold (October—April) and the hot (April-July) periods

Mesoclimates Wilcoxon
Variables WM DM z P
Climatic data
Annual mean temperature ~ 11.9 12.6 329 <0.01
(°C)
Annual mean precipitation 862 731 2.48 0.01
(mm)
Cold period
Mean temperature (°C) 74 8.1 329 <0.01
Mean precipitation (mm) 383 356 1.91 0.05
(45.6%) (49.2%)
Hot period
Mean temperature (°C) 159 16.8 2.73  <0.01
Mean precipitation (mm) 321 257 2.47 0.01
37%) (37%)
Discharge data
Mean annual discharge 0.77 0.42 317  <0.01
m®s™)
Minimum (m® s™) 0.02 0
discharge (year) (2005) (2005)
Maximum (m® s™") 67.9 32.03
discharge (year) (1997) (1997)
Cold period
Mean discharge 0.79 0.36 317 <0.01
m’s )
Hot period
Mean discharge 1.01 0.25 329 <0.01
(m? s
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eral environmental differences between mesoclimates
(WM versus DM sites).

In addition, a total of 5114 daily data series for temper-
ature, precipitation and discharge (from 1 October 1994
to 31 December 2008) were used to calculate 12 climatic
and IHA hydrological variables. These environmental
parameters were calculated separately for two periods,
namely cold and hot (Tables 4 and 5, respectively). For
the cold period, we used data collected from the previous
autumn (October) until the day of biological sampling
the following spring (April); for the hot period, we used
data from the days between the two biological sampling
periods (April-July). Therefore, the end of the cold per-
iod included the spring sample of macroinvertebrates,
while the hot period included the summer sample. This
method allowed us to capture hydrological variability
preceding the sampling period that was likely to be of
relevance to macroinvertebrates (Durance & Ormerod,
2007). We used these environmental variables to analyse
long-term climatic and hydrological variability using an
independent Kendal-Tau trend test for each mesoclimate
and for each period (cold and hot). This test is widely
used in trend analysis and is preferable over the para-
metric alternative (e.g. regression) because it requires
fewer assumptions and has a higher power when data
are both normally and non-normally distributed (Esterby,

Table 4 Kendal-Tau values (1) and trend direction for precipita-
tion, temperature and flow attributes for the Wet Mediterranean
(WM) and Dry Mediterranean (DM) sites during the cold period
(October—April)

WM DM

Cold period Tau (t) P-value Trend Tau (1) P-value Trend

Precipitation
P max —-0.22 0.29 ns -0.37 0.07 (=)
Total P —0.40 0.05 (=) —0.18 0.37 ns
Total —-0.64 <0.01 (=) —0.45 0.02 (=)
P/rainy
days
Annual —0.30 0.09 ns —0.28 0.18 ns
mean P

Temperature
T mean —0.22 0.30 ns —0.31 0.14 ns
T Max 0.08 0.73 ns —0.04 0.86 ns
T min 0.08 0.73 ns -0.31 0.14 ns
T (annual 0.31 0.15 ns —0.02 0.95 ns
mean)

Flow attributes
Q mean —0.38 0.05 ) —0.42 0.04 (=)
Q Max —-047  0.02 (=) —0.35 0.08 ns
BFI 0.17  0.40 ns 0.01 0.90 ns
Low pulse 0.49 0.02 +) 0.43 0.04 (+)

(+), positive trend; (—), negative trend; ns, non-significant trend.
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Table 5 Kendall-Tau values and trend direction for precipitation,
temperature and flow attributes for the Wet Mediterranean (WM)
and Dry Mediterranean (DM) sites during the hot period (April-
July)

WM DM
Hot period ~ Tau (1) P-value Trend Tau (1) P-value Trend
Precipitation
P Max —-0.07 0.74 ns —0.05 0.82 ns
Total P —-0.12 0.58 ns —-0.12 0.58 ns
Total —0.158 0.47 ns —0.14 0.50 ns
P/rainy
days
Annual —-0.30 0.09 ns —0.28 0.18 ns
mean P
Temperature
T mean 0.32 0.13 ns 0.01 0.98 ns
T Max —0.04 0.86 ns -0.19 0.39 ns
T min 0.16 0.46 ns —0.21 0.32 ns
T (annual 0.31 0.15 ns —0.02 0.95 ns
mean)
Flow attributes
Q mean 0.04 0.86 ns 0.07 0.74 ns
Q Max 0.25 0.22 ns 0.04 0.86 ns
BFI —-0.53  <0.01 ) —-0.54  <0.01 =)
Low pulse 0.01 0.99 ns 0.16 0.46 ns

(+), positive trend; (—), negative trend; ns, non-significant trend.

1996). A significant positive Kendal-Tau (1) indicates that
the test variable increases with time, while a negative
value indicates the contrary.

To assess whether the mesoclimates differed in macro-
invertebrate composition, we first investigated differ-
ences in EPT fauna with principal component analysis
(PCA) using the mean annual rank abundance matrix of
each taxon. We tested for significant differences between
mesoclimates with a between-class analysis tested with
permutations (1000 runs) (Romesburg, 1985). In addi-
tion, we used similarity percentages analysis (SIMPER;
Past ver 1.94b) to determine the% dissimilarity between
the two sites and to calculate the contribution of individ-
ual taxa to the observed differences. SIMPER uses a
Bray—Curtis similarity matrix to compute the average
dissimilarity between all pairs of intergroup samples
(Clarke, 1993).

Long-term biological variability was analysed within
and between mesoclimates. To assess the long-term vari-
ability within each mesoclimate and the relationship
between EPT composition and the environmental vari-
ables, we used canonical correspondence analysis (CCA)
on the ‘site x taxon seasonal rank abundance matrix’
(Ter Braak, 1986). The obtained CCA scores were analy-
sed with a Kendall-Tau trend test to investigate the pres-
ence and significance of trends.

To assess the long-term variability in each mesocli-
mate, we used a Bray—Curtis similarity matrix calculated
separately for each site. We compared the coefficient of
similarity obtained for the last year (year 14) with that
of each of the preceding years (from 1 to 13 in the ser-
ies); high values of similarity between the last year and
the first years in the series indicate low variability with
time. In addition, we assessed short-term variability
between mesoclimates using the same Bray—Curtis simi-
larity matrix by comparing the coefficients among suc-
cessive years (1 with 2, 2 with 3, etc.); high values
indicated that assemblages were more similar and hence
more stable from year to year. All statistical analyses
were performed with PAST ver.1.94b (Hammer, Harper
& Ryan, 2001) and the ‘Kendall’ and ‘ade4’ libraries
(Hipel & McLeod, 2005; Dray & Dufour, 2007; McLeod,
2011) within the R statistical package (R version. 2.13.1).

Results
Long-term environmental variability

Ombrothermic diagrams for the two mesoclimates
showed that maximum and minimum temperatures
occurred in July-August and January, respectively
(Fig. 1a). Mean daily temperatures in February and
March were relatively mild. Rainfall was usually concen-
trated in late summer, autumn and spring, and the low-
est precipitation levels occurred during the winter
season. Despite the high similarity of the two diagrams
(macroclimate level), reflecting a sub-humid Mediterra-
nean climate (sensu Gallart et al., 2002), significant differ-
ences between mesoclimates were detected for both
climatic and discharge variables (Table 3).

With respect to long-term annual trends in climatic
variables, mean annual precipitation decreased progres-
sively over the studied years at both sites, with the
period from 1995 to 1997 being wetter and the period
from 2004 to 2007 being drier than the mean (Fig. 1c).
Mean annual discharge decreased between 1995 and
2007 in both mesoclimates (Fig. 1d). The 1996-1997
period was characterised by floods, with a peak dis-
charge value recorded on 18 December 1997 in both sites
(WM: Q =6791 m®s~!; DM: Q =32.03 m® s'). In con-
trast, there were two periods of low flow: the year 2000
and the period 2005-2007. The lowest discharge was
recorded in 2005 when DM was completely dry for
several days in the summer, something that occurs only
rarely.

When analysing long-term seasonal (cold versus hot
period) trends, Kendall-Tau tests showed no significant

© 2013 Blackwell Publishing Ltd, Freshwater Biology, doi: 10.1111/fwb.12129
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Fig. 1 (a) Ombrothermic diagrams for both studied sites (from 1941 to 2007) and trends in several parameters over a 14-year period (from
1995 to 2008). (b) Mean annual temperature, (c) Total precipitation (annual mean) and (d) mean annual discharge. Codes for years are pro-

gressive: 1 = 1995 to 14 = 2008.

temporal trends in temperature regardless of the meso-
climate and the time period considered (Fig. 1b;
Tables 4 and 5). In particular, for the cold period,
negative trends in Q mean were observed in both meso-
climates (tywy = —0.38, P = 0.05; tpp = —0.42, P = 0.04)
and total precipitation accumulated for rainy days
(Total P/rainy days: twm = —0.64, P <0.01; tpm =
—0.45, P = 0.02), whereas there was a positive trend in
the number of low-flow days observed (low pulse:
TwMm = —0.49, P =0.02; Tpm = —0.43, P =0.04). In the
trend analysis, differences between mesoclimates were
detected for maximum discharge (Q Max) and total pre-
cipitation accumulated (Total P); these differences were
significant for WM (Q Max: twym = —0.47, P =0.02;
Total P: twym = —0.4, P = 0.05) but not for DM. For the
hot period (Table 5), negative trends were found in both
mesoclimates for BFI (twym = —0.53, P <0.01; tpom =
—0.54, P <0.01) only. Therefore, the hot period was
more irregular interannually, with higher between-year
variability.

Macroinvertebrate composition and mesoclimates

A total of 61 EPT taxa (from 24 families) were collected
in the two mesoclimates during the 14-year study per-
iod. Only 15 taxa, up to 25% of the total, were present in
both streams (Appendix 1). Significant differences in
EPT composition between the two streams were found
(Obs = 0.549, P < 0.01), with 62.5% of the variance in

Principal Component Analysis

Axis 2 (7.7%)

Axis 1 (62.5%)

Fig. 2 Principal component analysis (PCA) based on annual means
of EPT abundance ranks during the period 1995-2008. PCA axis 1
(62.5% of explained variability) and PCA axis 2 (7.7% of explained
variability). Ellipses represent 95% of the inertia of each group of
sites: Wet Mediterranean (WM) and Dry Mediterranean (DM).

composition explained by the first PCA axis (Fig. 2).
Taxa that contributed most to the dissimilarities between
streams (Table 6, SIMPER, 80.35%) were, for DM, Hydro-
psyche pellucidula, Baetis pavidus, Chimarra marginata, Cae-
nis macrura and Leuctra geniculata and for WM, Serratela
ignita, Dinocras cephalotes, Protonemoura beatensis, Baetis
nicolae, Rhitrogena semicolorata, Hydropsyche instabilis,

© 2013 Blackwell Publishing Ltd, Freshwater Biology, doi: 10.1111/fwb.12129
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Table 6 Annual mean abundance rank of taxa that contributed up
to 60% of Bray—Curtis similarity (SIMPER analysis) between sam-
ples from the Wet Mediterranean (WM) and Dry Mediterranean
(DM) sites

WM DM
Taxon Cont. Cum.per Abb Abb
Hydropsyche pellucidula 4.489 5.587 0 2.71
Serratela ignita 4.485 11.17 2.84 0.03
Baetis pavidus 3.707 15.78 0 2.21
Chimarra marginata 3.481 20.12 0 2.13
Dinocras cephalotes 3.242 24.15 2.05 0
Protonemura beatensis 3 27.88 1.95 0
Caenis beskidensis 2.9 31.49 1.89 0
Baetis nicolae (gr. alpinus) 2.81 34.99 2 0.2
Caenis gr. macrura 2.752 38.42 0.07 1.77
Rhitrogena gr. semicolorata 2.627 41.69 1.7 0
Baetis rhodani 2.58 44.9 2.96 1.41
Hydropsyche instabilis 2.355 47.83 14 0
Leuctra sp. 2.321 50.72 3 1.91
Epeorus silvicola 1.901 53.08 1.23 0
Ecdyonurus gr. venosus 1.888 55.43 2.71 1.86
Leuctra geniculata 1.748 57.61 0 1.07
Rhyacophila meridionalis 1.713 59.74 1.02 0
Odontocaerum albicorne 1.711 61.87 1.13 0

Cont, contribution; Cum. per, cumulative percentage; Abb, mean
abundance rank, values between 1 and 4, see text for details.

Epeorus silvicola and Rhyacophila meridionalis. Baetis and
Hydropsyche genera had different species in the two mes-
oclimate areas. However, despite the fact that the two
EPT communities differed significantly, the mean annual
EPT richness did not vary greatly between streams (20.5
taxa in DM and 25 in WM).

Long-term biological variability within mesoclimates

Given that trends in environmental variables that are
common to both streams were only observed during the
cold period, the relationships between EPT species com-
position and climatic and hydrological variables were
only investigated for this period. We used hydrological
variables, rather than precipitation or temperature,
because these variables are more directly associated with
aquatic organisms than is precipitation and because tem-
perature did not exhibit significant long-term trends
(Table 4). In addition, we found a high correlation
between some hydrological and precipitation variables
(WM: Q Max and P Max r=0.77, DM: Q Max and
P Max r=0.85 Q mean and P (O-A) r=0.92; all
P < 0.01). The CCA analysis (Table 7, Figs 3 and 4) pro-
duced an ordination in which the overall analysis and
the first axes were highly significant for both streams
(Monte Carlo test with 1000 permutations, P < 0.001).

Table 7 Canonical correspondence analysis (CCA) among selected
hydrological variables and EPT abundance data for the cold period
(October—April) for the Wet Mediterranean (WM) and Dry Mediter-
ranean (DM) sites. The fraction of total variation explained by the
first three axes and the scores for each constrained variable (hydro-
logical variables) were reported

WM DM

Results CCA  Axisl Axis2  Axis3  Axisl Axis2  Axis3

% Variance 47.57 34.04 1839  54.62 31.04 14.23

Eigen value 0.09 0.07 0.04 0.19 0.11 0.05
P-value <0.01 <0.01 0.02 0.04 0.04 Ns
Biplot scores for constraining variables (sc)
Q mean —0.55 —041 074 -0.70 -0.32 0.07
Q max —0.45 —0.83 012 055 034 —-0.06
BFI —-0.04 0.85 —0.38 0.16 -020 -0.62
Low pulse 0.84 —0.16 0.14 0.71 -0.29 0.16
Kendall-Tau test results
Tau 0.48**  ns ns 0.73**  ns ns
Trend (+) None None (+) None None

Values of the Kendall-Tau and trend direction for each CCA axis
are also presented: + = positive; none = no significant trend.
**P < 0.01; ns = not significant.

The study years from 1 to 14 were oriented from left to
right along the first axis, and Kendall-Tau tests revealed
a significant temporal trend in EPT composition along
the first axis in both streams (Table 7) that matched
trends in hydrological variables. In particular, variation
in species composition along the first axis in both
streams was positively constrained by low pulse (WM:
sc = 0.84; DM: sc = 0.71) and negatively constrained by
Q mean (WM: sc = —0.55; DM: sc = —0.7). However, the
species that responded to these two variables differed
by site. In WM, we observed a shift over time (Fig. 3)
from species such as Siphonoperla torrentis, Rhyacophila
meridionalis, Rhyacophila tristis, Habrophlebia modesta and
Amphinemoura sulcicollis, which dominated during the
first years in the series, to species such as Glossosoma sp.,
Lasiocephala basalis, Polycentropus sp., Isoperla acicularis,
and Baetis muticus, which were mainly present during
the last years. In DM, Mesophylax aspersus, Mystacides
azurea,Cloeon dipterum, Tinodes dives, Hydropsyche bulbifera
and 1Serratella ignita were the most dominant species
during the last years in the series (Fig. 4); in contrast,
Hydropsyche exocellata, Hydropsyche brevis and Ecdyonurus
venosus were mainly present during the first years. No
temporal trends along the second axis were detected in
EPT structure of either stream. In particular, for WM,
the second axis was positively constrained by Base Flow
Index (sc = 0.85) and negatively constrained by Q max
(sc = —0.83). In contrast, for DM, no significant relation-
ships between the second axis and the hydrological vari-
ables were observed.

© 2013 Blackwell Publishing Ltd, Freshwater Biology, doi: 10.1111/fwb.12129
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Fig. 3 Canonical correspondence analysis (CCA) among selected hydrological variables and EPT abundance data in the Wet Mediterranean
site (WM) during the cold period. The plot shows the ordination of species (left) and years (right) along the first (47.57% of explained vari-
ability) and the second (34.04% of explained variability) axes. Arrows indicate distances between the position by regression on environmen-
tal variables and the position by regression on biological data. Correlation and loadings for constrained (hydrological) variables are also
displayed to allow interpretation of the ordination drivers. (Codes for species are listed in Appendix 1; Codes for years are progressive:

1 = 1995 to 14 = 2008; BFI = Base Flow Index; Lpul = number of low pulse; Qmax = maximum of discharge; Qmean = mean seasonal dis-

charge).

Long-term biological variability between mesoclimates

Although significant temporal trends in EPT composi-
tion were detected in both streams with a corresponding
increase in EPT richness over the study period at both
sites (Fig. 5a), different results were found when we
analysed the long-term and short-term biological vari-
ability in WM and DM. With respect to long-term vari-
ability (i.e. similarity of each year with the final study

year; Fig. 5b), our results indicated that similarity values
of EPT fauna increased with time in both sites, but these
values were always higher in WM than in DM. Regard-
ing short-term variability (Fig. 5c), WM exhibited a
steady percentage of similarity greater than 70% from
the 4-5th year of the series to the 14th; during the first
4 years, the similarity values decreased. In contrast, the
percentage of similarity in DM was always more vari-
able and always below 70% during the series.
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Fig. 4 Canonical correspondence analysis (CCA) among selected hydrological variables and EPT abundance data in the Dry Mediterranean
site (DM) during the cold period. The plot shows the ordination of species (left) and years (right) along the first (54.62% of explained vari-
ability) and the second (31.04% of explained variability) axes. Arrows indicate distances between the position by regression on environmen-
tal variables and the position by regression on biological data. Correlation and loadings for constrained (hydrological) variables are also
displayed to allow in interpretation of the ordination drivers. (Codes for species are listed in Appendix 1; codes for years are progressive:

1 =1995 to 14 = 2008; BFI = Base Flow Index; Lpul = number of low pulse; Omax = maximum of discharge; Qmean = mean seasonal dis-

charge).

Discussion

Our work has provided information regarding long-term
environmental and biological responses in a Mediterra-
nean climate region. At the macroclimate scale, long-
term trends indicated that precipitation has decreased
over the last 14 years and that the frequency of drought
events has increased, which is consistent with climate-
change predictions made for Southern Europe (IPCC,

2001; Shindell, 2007). The extreme flood and drought
periods observed in our study also correspond with
what is known for the region: floods were more com-
mon at the beginning of the series and droughts more
common at the end. For example, Amengual et al. (2009)
found that two of the most catastrophic extreme floods
during the last 50 years in the Llobregat catchment
occurred in November 1996 and December 1997. In con-
trast, in 2005, Spain, Portugal and France experienced an
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extreme drought with the lowest annual precipitation
recorded since 1947. The drought impacted drinking
water availability, hydropower potential, water quality
and fire risk (European commission, 2007). Consistent
with the shift from floods to droughts, a significant
dominance of EPT species specific to riffle-like condi-
tions was observed during the first period of the time
series in both sites, while EPT species characteristic of
pool-like conditions dominated in the most recent years
(see families” characteristics of riffles and pools in Bona-
da et al., 2008).

Several studies have analysed the effects of floods and
droughts on macroinvertebrate assemblages, recognising
them as major categories of natural disturbance in run-
ning waters (Hildrew & Giller, 1994; Lake, 2000) those
studies conducted in high and low flows in the Mediter-
ranean region described a shift from taxa with riffle-like
strategies to those with pool-like strategies (for details,
see Bonada ef al., 2008). Similarly, for California, Béche
& Resh (2007a,b) showed that much of the temporal var-
iation in composition and abundance of benthic macro-
invertebrates was explained by short-term climatic
patterns (i.e. annual differences in precipitation). In Aus-
tralian streams (New South Wales), Chessman (2009)
found that families of invertebrates that live in faster-

flowing habitats and in cold waters were most likely to
have declined during a 13-years period of decreasing
rainfall and river flow. Interestingly, although the
detected trend was consistent between study sites at
the macroclimate scale, EPT fauna was less variable in
the stream in the Wet Mediterranean climate area (WM)
than in the stream in the Dry Mediterranean climate
area (DM) with respect to both short-term and long-term
changes, which confirms our general hypothesis.
Different trends were detected between WM and DM
during the low-flow and drought events that characte-
rise the second part of the series (the EPT communities
appeared stable during the low flows in WM, but were
highly variable in DM). Droughts are considered to be a
‘ramp disturbance’ (Lake, 2000, 2003), and the intensity
of its effects on macroinvertebrates is influenced by fac-
tors such as timing, duration, intensity and the presence
of refuges (Boulton, 2003). As flows decrease, habitat
space is generally reduced; organisms respond to these
conditions by continuous colonisation—extinction pro-
cesses that often lead to a reduction in invertebrate den-
sity (Suren & Jowett, 2006). The higher interannual
variability in DM might reflect typical Mediterranean
climate conditions, including some years with normal
conditions and others with drought conditions in the
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spring and summer (the lowest discharge was recorded
in 2005 and during this year, DM was dry for several
summer days). Therefore, according to Bond, Lake &
Arthington (2008), our DM site could be characterised
by a greater number of taxa that possess adaptations
that allow them either to survive the drought by ‘sitting
it out” (resistance traits) or to recolonise and recruit after
the drought ceases (resilience traits), which explains the
higher interannual variability observed in this site.

However, during the first part of the study period,
which was characterised by flood events, WM had very
different EPT communities between consecutive years
(Fig. 5¢). Floods are considered to be a ‘pulse distur-
bance” (Lake, 2000). During these events, invertebrates
are affected by a combination of water velocity (Holo-
muzki & Biggs, 2000) and physical scouring due to bed
movement (Biggs et al., 2001). General responses of inver-
tebrate communities to floods include a reduction in den-
sity and taxonomic richness (Gjerlov, Hildrew & Jones,
2003). Therefore, the higher biannual variability in WM
might be related to the higher intensity (magnitude) of
the floods detected in WM during the first period studied
(e.g. WM: 67 m® s, DM: 32 m® s~ during the extreme
flood of 1997) and might be influenced by the increase in
taxon richness during the post-flood recovery period.
Our study also showed that differences between mesocli-
mates (faunal composition and biological variation) were
maintained throughout the study period, indicating that
differences between mesoclimates (spatial scale) were
greater than differences among years (temporal scale).
For example, species typically found in the Mediterra-
nean Basin, such as Baetis pavidus, Cloeon sp., Centroptilum
luteolum, Chimarra marginata, Mystacides azurea, Mesophy-
lax sp. and Leuctra geniculata, were only present in DM
(Appendix 1 and SIMPER analysis); in contrast, Perla
marginata, Siphonoperla torrentis, Dinocras cephalotes (and
other species in the order Plecoptera), whose nymphs
generally live in mostly cold, well-oxygenated running
waters (Fochetti & Tierno de Figueroa, 2008), were found
only in WM. Such differences persisted throughout the
14-year study period without regard to the climatic trend,
indicating that natural spatial variability between the two
streams influences abiotic characteristics. This finding
may be due to patterns in species occurrence and com-
munity composition at regional spatial scales, which are
primarily associated with the dispersal of organisms
across the landscape (Shurin, 2000). Once an organism
has arrived in a habitat, local-scale factors, such as the
suitability of the abiotic environment and interactions
with established species, determine community composi-
tion (Ricklefs & Schluter, 1993).

Therefore, our results suggest that within-region vari-
ability can be especially important in highly heteroge-
neous regions Mediterranean, thus
supporting the general view that complex local pro-
cesses that emerge at local scales can have variable
impacts on streams (Heino, 2011).

such as the

Future challenges

One of the key challenges facing freshwater ecologists is
to develop tools for detecting the impacts of climate
change in natural systems that are as general and realis-
tic as possible (Hampe, 2004). However, decision-making
requires much more precise information such as a quan-
titative estimate of the changes, a more precise regional
distribution of their effects and an associated evaluation
of their variability. Under the possible scenario of
increased frequency of extreme events, management will
require measures to adapt societies or ecosystems to
climate change. Our results showed that EPT species in
two reference sites that belonged to two different river
sub-types varied differentially with time. Because refer-
ence conditions used to assess the ecological status of
rivers worldwide (e.g. in Europe, European Commis-
sion, 2003; Nijboer et al., 2004; Noges et al., 2009) can be
highly dynamic, interannual variability (natural or dri-
ven by climate change) should be considered when the
reference conditions are established and used in bio-
assessment (e.g. Buffagni, Armanini & Erba, 2009;
Poquet et al., 2009; Munné & Prat, 2011).

The presence of other stressors in addition to interan-
nual variability can affect organisms in ways that are
even more unpredictable. For example,
droughts will not only lead to elevated temperatures
and habitat fragmentation but may also exacerbate the

summer

impacts of eutrophication and toxins (Lindh, 1992; Avila,
Neal & Terradas, 1996; Bonada et al., 2007). Therefore,
according to other studies (Feio et al., 2010; Woodward,
Perkins & Brown, 2010), the ways in which we currently
assess ‘ecological status’ could become increasingly
obsolete over time as the baseline drifts away from
earlier (cooler or wetter) reference conditions. In conclu-
sion, for biomonitoring purposes, regular assessment of
reference sites will be needed to adjust classification
systems for climate-induced changes. Given the limited
number of monitoring programmes addressing interan-
nual variability at multiple freshwater sites, new pro-
grammes should be launched to facilitate direct
examination of the effects of climate change and other
major anthropogenic stressors on biodiversity (e.g.
Daufresne, Bady & Fruget, 2007, Durance & Ormerod,
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2007). Such programmes should also help to determine
how reference conditions for freshwater bio-assessment
could be altered by natural environmental change.
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