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Abstract There is evidence of an ongoing alteration

of the flow regime owing to climate change forcing,

which has resulted in substantial increases in the

frequency and magnitude of extreme events such as

floods and droughts. Such changes in the flow regime

may have major implications in freshwater ecosystems

and, in particular, in the organic carbon dynamics in

semiarid stream ecosystems. Much is known about the

role of extreme flow events on structuring stream

ecosystems, but few studies explored the effects of

extreme flow events magnitude, timing, and sequence

on stream ecosystems. To assess the effect of extreme

events on stream organic C dynamics, a simple and

flexible modeling approach was applied to simulate the

organic carbon dynamics in a simplified river reach.

The river reach model was initially calibrated and

tested using long-term data for stream water velocity

and amount of organic carbon in sediment. After that,

multiple scenarios differing in the extreme flow events

(floods and droughts) sequence and magnitude were

used to simulate the effects of possible flow regime

changes on the stream organic carbon dynamics. Initial

expectations were that: (i) an increase in the magnitude

or frequency of extreme flow events would reduce the

amount of organic carbon respired within the simu-

lated river reach, and (ii) relationship between the

timings of the extreme flow events and of the litterfall

input would influence considerably the effects of the

extreme flow events. Results pointed out that: (i) the

amount of processed carbon respect the amount

entering the ecosystem was affected by extreme events

such floods and droughts, but the relevance of those

events differed along the year, with a maximal effect

during the litterfall period; (ii) extreme event timing

rather than the magnitude was more relevant to the

stream organic carbon dynamics; and (iii) the amount

of respired carbon in the ecosystem could be amplified

or reduced depending on event sequence. Increasing

awareness of the role of inland waters in the global

carbon cycle and the shaping role of hydrology on the

stream organic carbon dynamics stress the need to

better quantify carbon fluxes and the hydrological

controls on these fluxes.
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Introduction

Flow fluctuation is an important ecological driver in

stream ecosystems. Flow fluctuations are however
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undergoing major changes owing to climate change

forcing, which has resulted in substantial increases in

the frequency and magnitude of flow fluctuations in

many stream ecosystems. In this direction, several

studies reported an increasing frequency and intensity

of extreme hydrologic events (e.g., New et al., 2001;

Huntington, 2006; Hirabayashi et al., 2008), as well

as of events such as ENSO over the past decades

(Huntington, 2006; IPCC, 2007). Furthermore, another

consequence of climate change might be changes

in the timing of river flows (Schindler, 2001). In

particular, Mediterranean streams are predicted to

undergo severe alterations in the flow regime because

of a decrease in the number of precipitation days, and

an increase in days with heavy rains (Hirabayashi

et al., 2008; Sillmann & Roeckner, 2008). Regional

climatic models for southern Europe predict an

increase in the frequency and duration of heat waves

and heavy rainfall events during summer (Sanchez

et al., 2004; Giorgi & Lionello, 2008), and stress that

the Mediterranean might be an especially vulnerable

region to global change (Giorgi & Lionello, 2008).

Therefore, more extreme and unpredictable flow

events, such as floods and droughts, are anticipated,

thereby creating novel environmental conditions in

stream ecosystems.

The effects of gradual climatic trends such as

global warming on ecosystems have been studied in

much more detail than sudden events (Jentsch et al.,

2007). In stream ecology, there are however numerous

studies exploring the effects of extreme flow events

such as floods and droughts, particularly in arid and

semiarid regions (e.g., Grimm & Fisher, 1989;

Boulton & Lake, 1992; Stanley et al., 1994; Acuña

et al., 2004, 2005). Among those studies, few

attempted to characterize the distinct effects of

extreme events magnitude and timing or the effects

of the sequence of flow events.

Freshwaters receive approximately 1.9 Pg C year-1

from the terrestrial system at the global scale, of which

approximately 0.9 Pg C year-1 finally enters the

oceans (Cole et al., 2007). Hence, slightly more than

half of the organic C that enters freshwaters is either

stored in lakes, reservoirs, and fringing wetlands, or it

escapes to the atmosphere as CO2 or CH4 after

biological processing (Cole et al., 2007). So far, studies

on the role of inland waters in the global C cycle

focused on improving the C continental balances, but

the role of hydrology has been only addressed by few

studies (e.g., Algesten et al., 2004). There are however

studies showing that flow extremes may have a strong

influence on the stream organic C dynamics (Acuña

et al., 2004). Overall, the lack of studies and the

indications about the potential relevance of flow regime

on the C dynamics stress, therefore, the need to better

study the effect of extreme events if aiming to do good

predictions of the effects of climate change on the

global C cycle.

To address the lack of understanding about the

distinct effects of magnitude and timing, as well as

sequence of extreme flow events, we modeled the

organic C dynamics in a Mediterranean headwater

stream ecosystem. This study tested the responses of

downstream transport, respiration, and C storage to:

individual extreme events of both types of varying

magnitude (1), sequences that included floods and

droughts at different times (2). Initial hypothesis was

that the changes in the timing rather than the

magnitude of extreme flow events are relevant for

the stream organic C dynamics. The rationale of the

hypothesis lies on a previous study by Acuña et al.

(2007), which reported differential effects of floods

on the organic C dynamics depending on the season.

Methods

Study approach

A simple model was used to simulate organic C

dynamics in river reaches. The first step was to

evaluate different formulations of processes affecting

organic C dynamics at the reach level. The respective

models were evaluated using an extensive data set

from a Mediterranean headwater forested stream

(Fuirosos stream, NE Iberian Peninsula). The best-fit

model was selected to simulate organic C dynamics

under different discharge scenarios. Model simula-

tions were performed with the computer program

AQUASIM (version 2.1f), which is designed for the

simulation of aquatic systems (Reichert, 1994, 1998).

Reach-scale models development and selection

Given that there is no ‘‘true’’ model, but a number of

adequate simplifying descriptions of the complex real

system, we compared 12 competing models with

alternative formulations of the processes affecting the
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stream organic C dynamics. We fitted all models to the

observed data from the Fuirosos stream (Acuña et al.,

2004, 2007) and ranked them based on the goodness of

fit (Chatfield, 1995; Johnson & Omland, 2004).

The reach-scale models were designed as mixed

reactors of variable water volume, with constant

length (100 m) and width (2 m), with water inflow

and outflow, and inputs and transformation processes

of organic C which could be suspended (Csusp) or

deposited at the sediment (Csed) (Fig. 1). Note that

both forms of C, Csed and Csusp were in particulate

form, so that no dissolved forms of C were consid-

ered in the model. For water inflow data, we used real

discharge data from the Fuirosos stream (from

November 2001 to December 2002). Water outflow

was calculated as the product of an empirical

discharge-volume coefficient (cQ) (day-1 m-3/2)

and the power of the water volume (V) (m3) by a

second empirical discharge-volume coefficient (cV),

so cQ 9 VcV. The organic C input to the mixed

reactor was modeled as coarse particulate organic C

from terrestrial origin, with a seasonal component

following the litterfall dynamics of riparian forests

dominated by deciduous species (data from the

Fuirosos stream; Acuña et al., 2007).

The modeled transformation processes of organic

C inside the reactors were sedimentation, resuspen-

sion, and respiration. Among these processes, sedi-

mentation was the only one with the same

formulation in all models, which was the product of

Csusp by the sedimentation velocity (vsed) (m day-1)

(Table 1). For resuspension or movement of C from

the streambed into the water column, two different

processes were involved, namely resuspension and

catastrophic removal during floods. Resuspension

was, in contrast to catastrophic removal, active

during the entire simulations, and was assumed to

be proportional to the product of discharge (Q)

(m3 day-1) and the amount of organic C in sediment

exceeding a minimum value (Csed,0) (Table 1). Dif-

ferences among resuspension formulations relied on

the value of the exponent of Q, the exponent of the

difference between Csed and Csed,0, and the different

values of the empirical resuspension coefficient

(cresusp) (Table 1). Catastrophic removal of C from

the streambed occurred only during floods, and was

considered as discharges exceeding a critical thresh-

old of discharge determined in a previous study in the

Fuirosos stream (50,000 m3 day-1; Acuña et al.,

2007). Thus, discharge values above this threshold

implied the activation of this process, which due to

the high value of kflood (= 100 day-1), involved rapid

falls of Csed, which approached then Csed,0 (minimum

amount of Csed that remains despite floods) (2.1 in

Table 1). The rationales for these formulations were:

(i) resuspension is assumed to be a process propor-

tional to the bottom shear stress, and based on the

Manning-Strickler friction law for a rectangular

channel such that simulated the bottom shear stress

should vary with Q3/5 (Chow, 1959; Henderson,

1966) (3.1 in Table 1); (ii) the concentration and

abrasive impact of suspended particles increase with

Q, and therefore a resuspension rate proportional to

Q2 was used (Uehlinger et al., 1996) (3.2 in Table 1);

and (iii) resuspension may increase more rapidly with

growing thickness of the layer of accumulated

Fig. 1 Schematic diagram of the used reach-scale model

Table 1 Alternative formulations for the transformation processes of organic C

Sedimentation Catastrophic removal Resuspension Respiration

1.1 Csuspvsed 2.1 kflood(Q)i(Csed - Csed,0) 3.1 c0resuspQ
3=5
i Csed � Csed;0

� �
4.1 RT0

Csed

Csedþksed
eE T�T0ð Þ=kTT0

2.2 Inactive 3.2 c00resuspQ2
i Csed � Csed;0

� �
4.2 RT0

Csed

Csedþk0
sed

eE T�T0ð Þ=kTT0

3.3 c000resuspQi Csed � Csed;0

� �2
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organic C at the streambed, and a proportional loss to

the square of X was accordingly tried (Uehlinger

et al., 1996) (3.3 in Table 1).

Finally, respiration was formulated in two different

ways, including or excluding a term accounting for the

effects of the amount of Csed on respiration (4.1 and

4.2 in Table 1). Thus, a maximum respiration rate

(g C m-2 day-1) at the reference temperature T0 (RT0
)

was influenced in both formulations by water temper-

ature following the universal temperature dependence

of biological processes (Gillooly et al., 2001). In this

term, T and T0 were water temperatures in K, E was the

activation energy (0.62 eV), and k was Boltzmann’s

constant (8.616 9 10-5 eV K-1). Note that the used

reference temperature was 20�C, and that RT0
is

expressed as R20 in further sections. A Monod-type

formulation was used for the term accounting for the

effects Csed on respiration, where ksed (g C m-2) was

the half-saturation coefficient. Note that there was a

term accounting for the effect of Csed in both

alternative formulations for respiration to avoid active

respiration at Csed \ 0. Furthermore, there was

another term in both formulations to avoid active

respiration at V = 0, so that there was no respiration

on dry streambeds. The difference between the

formulations relied on ksed, as ksed ranged between 2

and 10 g C m-2 (4.1 in Table 1), while k0sed was set to

0 (4.2 in Table 1).

A total of 12 alternative models were indepen-

dently fitted to observed Csed in the Fuirosos stream

(data from Acuña et al., 2004). Note that the use of

Csed as target variable for the model calibration

allowed the determination of all 5 model parameters,

as Csed was affected by all active processes in the

model (sedimentation, resuspension and respiration).

The 12 models arose from the combination of:

(i) inclusion or exclusion of catastrophic removal

by floods (2.1 or 2.2 in Table 1), (ii) the three

formulations for resuspension (3.1, 3.2 or 3.3 in

Table 1), and (iii) the two formulations for respiration

(4.1 or 4.2 in Table 1). Specifically, a stepwise

calibration (two steps) was performed given that the

simulated C dynamics strongly depend on the accu-

racy of the simulated water flows. Therefore, both

discharge-volume coefficients were determined after

fitting the modeled water velocity to the observed

water velocity in the Fuirosos stream (n = 25) (data

from Acuña et al., 2004). After this hydrological

calibration, all alternative models were then evaluated,

leading to a series of calculations of different model

complexity. The best performing model (lowest v2)

was then selected and used to simulate stream organic

C dynamics under different flow conditions.

Model simulations

Ninety-six annual flow regimes were assembled in

order to test for the effect of timing, magnitude, and

sequence of extreme flow events, considering mag-

nitude as the temporal length of the extreme flow

event rather than the magnitude of the maximum

flow. Flood magnitude was simulated as floods

exceeding the critical threshold of 100 L/s during

5 (I1), 10 (I2), or 15 (I3) days; while flood timing was

explored by simulating floods at each month during

the year. Thus, 36 annual flow records were simulated

(12 months 9 3 magnitudes = 36 simulation scenar-

ios) (Fig. 2a). Similarly, drought magnitude was

simulated as zero flows during 5 (I1), 10 (I2), or 15

(I3) days for 12 months (36 simulation scenarios)

(Fig. 2b). Finally, the relevance of flow extremes

sequence was explored by simulating sequences of

flood–drought or drought–flood for the same months

used for the drought scenarios (12 months 9 2

sequences = 24 simulation scenarios) (Fig. 2c).

Given that there were periods with nonflow for some

of the simulated flow regimes, the formulation and

stoichiometric coefficients for the C input from the

terrestrial systems had to be adapted, so that the C

entering the mixed reactor could become either Csusp

during periods with flow or Csed during periods of no

flow, thus assuming C inputs to deposit directly on the

sediment during dry conditions. Simulations were

made for 500 days, but only the values from days 150

to 500 were used for the analyses in order to avoid

dependence on the initial conditions. In order to assess

the impact of the flow extremes on the stream organic C

dynamics, results are primarily expressed as the amount

of C respired within the simulated reach respect all C

entering the reach (as ratio of processed to total C).

Results

Model evaluation

Hydrologic model coefficients were optimized to

obtain the best match between simulated and
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measured water velocity. The results of the parameter

fit of the reach-scale model are shown in Fig. 3a. The

values of cQ (= 1.96 day-1 m-3/2) and cV (= 1.5)

were further used for all alternative models devel-

oped to simulate organic C dynamics.

The results of the best three models among the 12

tested alternative reach-scale models are summarized

in Table 2. Among these, the model 1.1, 2.2, 3.1, 4.1

was the best supported by the observed data (see

Eqs. 1 and 2 for details) (Fig. 3b), and was therefore

selected to explore the effect of extreme flow events

magnitude, timing, and sequence:

dCsusp

dt
¼ LF

1

wihi
þ cresuspQ

3=5
i Csed � Csed;0

� �

� Csuspvsed ð1Þ
dCsed

dt
¼LF

1

wi
þ Csuspvsed � cresuspQ

3=5
i Csed � Csed;0

� �

� RT0

Csed

Csed þ ksed

eE T�T0ð Þ=kTT0 ð2Þ

where w was the mixed reactor width, h the mixed

reactor depth, and LF the litterfall time series

(g C m-1 day-1). In this model, Csusp depended on

litterfall, resuspension (3.1), and sedimentation, while

Csed depended on litterfall (only active during nonflow

conditions), sedimentation (1.1), resuspension and

respiration with dependence on temperature and on

the amount of Csed (4.1).

Fig. 2 Selected data series to explore the effects of flood

magnitude and timing (a), drought magnitude and timing

(b), and sequence of extreme flow events (c). Note that the

magnitude of the extreme flow events corresponds to 5 (I1),

10 (I2), and 15 (I3) days

Fig. 3 Temporal changes in observed and predicted data for

a water velocity and b Csed. Note that the predicted Csed

corresponds to the reach-scale model with the formula showing

the best fit (1.1, 2.2, 3.1, 4.1; see Table 1 for details)
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Effects of extreme flow events timing

and magnitude

The temporal dynamics of both forms of instream C

(Csed and Csusp) differed considerable among scenar-

ios, reacting very sensitively to extreme flow events.

During nonflow periods, C accumulated at the dry

streambed due to a combination of physical storage

and very low respiration rates. In contrast, simulated

floods enhanced resuspension of Csed and a sharp

increase in Csusp, leading in few days to the minimum

allowed Csed by the model (Csed,0).

Floods and droughts had a different effect on the

amount of C respired within the simulated reach, as

floods decreased much more than droughts the ratio

of processed to total organic C (Table 3). As shown

in Table 3, higher magnitudes of both floods and

droughts involved a decrease in the ratio, but the

decreases were more important for floods. For

example, floods of magnitude 2 involved a decrease

of 3% (from 0.5026 to 0.4871), while droughts of

magnitude 2 involved a decrease of only 0.5% (from

0.5026 to 0.5003).

The effects of timing and magnitude were different

between floods and droughts, as both timing and

magnitude of floods were more influential on the

stream organic C dynamics. Thus, the major rele-

vance of floods respect floods was reflected in larger

temporal variability in the ratios of processed to total

organic C between months (Fig. 4). Indeed, there

were considerable differences along the annual cycle,

so that floods had a different effect on the C balance

of the stream depending on the month of the year. For

example, floods in March had little effect on the ratio

of processed to total C, while the effect on November

was the highest (Fig. 4a). The differences in the

standard deviations along the year observed in the

error bars in Fig. 4a reflected the varying relevance of

flood magnitude along the year, so that changes in the

flood magnitude were almost irrelevant in March

(standard deviation of 0.001), but highly relevant in

November (0.012). The effect of droughts on the C

balance of the stream also depended on the month of

the year, but the differences among months were

smaller (Fig. 4b), as well as the variability between

magnitudes for each month.

Effects of extreme flow events sequence

The sequence of extreme events seemed to be an

important determinant of the stream organic C

dynamics, as the sequence of drought–flood appeared

to have a stronger effect on the ratio of processed to

total C compared with the sequence of flood–drought

(Fig. 5). The differences between both sequences in

terms of reduction of the mentioned ratio varied

along the year, so that the differences between

sequences were minimal from December to April

(differences between 0.004 and 0.009 in the ratio of

processed to total C) and maximal from June to

Table 2 Results of parameter fit (minimization of v2) of the best three alternative models for stream organic C dynamics at the reach

scale

Model codes cresusp (no units) vsed (m day-1) Csed,0 (g C m-2) R20 (g C m-2 day-1) ksed (g C m-2) v2

0.00005–0.1 10–500 0.01–6 4–20 2–10

1.1, 2.1, 3.1, 4.1 0.001 107.2 5.53 4 10 21,699

1.1, 2.2, 3.1, 4.1 0.001 106.6 6 4 10 21,697

1.1, 2.2, 3.3, 4.1 0.00005 500 6 4 8 28,392

The first column contains the codes for the selected formulation (see Table 1); columns 2–6 list the final values for the five

parameters. Beneath each parameter (from left to right: resuspension coefficient, sedimentation velocity, minimum Csed, maximum

respiration rate at 20�C, half-saturation coefficient), the units and boundary values are given

Table 3 Effects of extreme flow events magnitude and timing

on the amount of C respired within the simulated reach (as ratio

of processed to total organic C)

Magnitude Floods Droughts

Mean St. deviation Mean St. deviation

5 0.4930 0.006 0.5027 0.001

10 0.4871 0.010 0.5003 0.005

15 0.4814 0.014 0.4977 0.009

The obtained ratios with the simulations with different flood

and drought time and intensity are expressed as mean and

standard deviation per each magnitude (5, 10 and 15 days)
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November (differences between 0.011 and 0.017 in

the ratio of processed to total C) (Fig. 5). The timing

effect was also reflected on the time needed to return

to the initial conditions after the sequence of extreme

flow events. For example, the effects of extreme flow

events in May lasted for 2–3 weeks (Fig. 6a), while

more than 5 weeks were needed in October to return

to original conditions (Fig. 6b).

Discussion

Stream organic C dynamics responded very sensi-

tively to both extreme flow events magnitude and

timing, and showed that the specific sequence of

extreme events played a distinct role on the stream

ecosystem organic C dynamics. On the one hand, the

amount of processed C respect the total amount of C

entering the ecosystem was affected by extreme

events such floods and droughts, but the relevance of

those events differed along the year, with a maximal

effect during the litterfall period. On the other hand,

the amount of respired C in the ecosystem could be

amplified or reduced depending on event sequence.

Those findings indicate that the effects of extreme

events sequences cannot be modeled by simply

Fig. 4 Effects of flood (a) and droughts (b) timing and

magnitude on the amount of C respired within the simulated

reach (as ratio of processed to total organic C). Circles indicate

mean and vertical error bars standard deviation of the ratio of

processed to total C of the three simulated magnitudes (5, 10,

and 15 days) per each month

Fig. 5 Effects of extreme flow sequence on the amount of C

respired within the simulated reach (as ratio of processed to

total organic C) during the annual cycle. Floods and droughts

were simulated as 10 days of discharge above the critical

threshold of 100 L/s or 10 days of zero flow respectively

Fig. 6 Effects of sequence of extreme flow events on

respiration in May (a) and October (b). Floods and droughts

were simulated as 10 days of discharge above the critical

threshold of 500 m3 day-1 or 10 days of zero flow respectively
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adding the separate effects of individual extreme

events but, rather, that models should take into

account event sequences.

Considerations about the modeling approach

The applied mechanistic biogeochemical model was

a trade-off between the empirical and conceptual,

rather than an empirical model. The used reach-scale

model was based on a single mixed reactor unit, and

provided an appropriate characterization of both

water velocity and Csed of the Fuirosos stream despite

its simplicity (Fig. 3).

The differences between observed and predicted

Csed by the reach-scale model may rely on the input

parameters of the model, rather than in the structure

of the model itself. For example, C input in the

model was assumed to be only through particulate

organic C from terrestrial origin, while C in

headwater reaches such as Fuirosos is influenced

by both litterfall and the C entering the reach by

drift from upstream reaches. The error introduced

by ignoring particulate organic C entering the reach

by drift is however apparently not crucial, given that

79% of the particulate organic C entering the

simulated stream enters from the riparian forest

(85 Kg C year-1 from the riparian forest respect

22 Kg C year-1 from upstream reaches; Acuña

et al., 2007).

The use of simple and flexible models to simulate

the effects of different components of climate change

on different characteristics of freshwater ecosystems

has been used by others (e.g., Moore et al., 2008).

The calibration of those models with existing data is a

fundamental step to obtain realistic model parame-

ters. The main shortcut of these models is that it is not

possible to validate their predictions based on

scenarios.

Effects of extreme flow events timing

and magnitude

The stream organic C dynamics reacted very sensi-

tively to extreme events such floods and droughts. The

extreme flow event magnitude was relevant in terms

of effect on the stream organic C dynamics, but the

timing of the extreme events was apparently more

relevant than the magnitude, as the relevance of those

events differed along the year. Temporal differences

in the relevance of extreme flow events along the year

was mainly related with the temporal variability in the

C input to the simulated ecosystem, as litterfall is not

temporarily homogenous along the year but concen-

trated in 3–4 months (from September to November).

In headwater forested streams in most temperate

areas, litterfall is indeed seasonal, as it is ecosystem

respiration, which ranged from 1–2 g O2 m-2 day-1

during late Spring to 30–35 g O2 m-2 day-1 during

late autumn (Acuña et al., 2004). A direct conse-

quence of this seasonality is that any flow alteration

during the litterfall period might have a more

profound effect on the system. The relevance of flow

during this period was reflected in the stronger effect

of extreme flow events on the ratios of processed to

total C (Fig. 4), as well as in the longer effect of

extreme flow events on respiration (Fig. 6). Thus,

floods shortly after litterfall peak input might stream

Csed for a long period, whereas floods shortly before

litterfall peak input have almost no consequences on

Csed. Previous studies in the simulated stream have

shown higher heterotrophic activity during the litter-

fall period, with ecosystem respiration values up to

*35 g O2 m-2 day-1 (Acuña et al., 2004), and the

highest microbial enzyme activities (Artigas et al.,

2009). The results shown by those empirical studies

support the simulation results indicating a major

sensitivity of the ecosystem to extreme flow events

during the litterfall period.

The impacts of shifts in the timing of extreme

events owed to the alteration of the precipitation

regime by climate change might have different

consequences depending on the season, as a shift in

the timing of floods from early winter to fall will have

more important implications than a shift from early

spring to early summer. Other modeling studies have

also stressed the relevance of changes in the seasonal

distribution of river flows on, for example nutrient

loads (Moore et al., 2008). On the other hand,

changes in the litterfall dynamics caused by longer

droughts might also affect the organic C dynamics, as

the sensitivity to floods might slightly decrease if the

litterfall period is stretched. Thus, more intense

droughts might advance the litterfall of the most

drought sensitive deciduous trees from November to

August, temporally extending the litterfall input

(Acuña et al., 2007). A temporally extended supply

of organic C might in turn allow faster recoveries of

Csed after floods during this period.
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Effects of the sequence of extreme flow events

As stated in the previous section, the simulated

stream ecosystem responded to single events of

drought or flood as would be more or less expected

based on the existing literature. However, obtained

results in this modeling study highlighted two

potentially unappreciated issues. First, that response

to multiple extreme events depends on event

sequence, so that sequence order drought–flood

depressed respiration much more than the alternative

sequence flood–drought. Second, that the relevance

of the sequence of extreme flow events had a timing

effect, with maximal differences between the two

explored sequences during late summer and fall

(Fig. 5), that is, the period of maximum litterfall.

Research on extreme events (‘‘event-focused’’ in

contrast to ‘‘trend-focused’’) has increased in recent

years. Numerous examples, ranging from microbiology

and soil science to biogeography, demonstrate how

extreme weather events can accelerate shifts in species

composition and distribution, thereby facilitating

changes in ecosystem functioning (Jentsch et al.,

2007). A more recent study by Miao et al. (2009) has

experimentally pointed out the relevance of extreme

events sequence. Those authors documented, on the

basis of an experiment with seedlings of three types of

subtropical wetland tree species, that mortality can be

amplified and growth can be stimulated depending on

event sequence. There are also some empirical studies

in stream ecosystems showing the effects of the

sequence of extreme events (Acuña et al., 2007;

Artigas et al., 2009). For example, Acuña et al. (2007)

reported that floods occurring after the litterfall

involved massive organic C transport to downstream

system, therefore depleting headwater reaches of

available organic C, while floods occurring before

the litterfall showed lesser influence on the organic C

dynamics. In the same system of the previous study,

Artigas et al. (2009) reported that the autumnal peaks

of microbial biomass and activity were two to three

times lower in years when there was permanent flow

over the dry season compared to years when the flow

was interrupted during the dry season. Despite of the

differences in the nature and approach between these

studies, their conclusions pointed out that the sequence

of extreme events is relevant, as the effects of extreme

events on ecosystems cannot be properly understood

unless the sequence is considered.

Implications for the stream organic C dynamics

The results of this study have noteworthy implications

for understanding and predicting stream organic C

dynamics in response to the ongoing alterations of the

flow regime. The Mediterranean region is experienc-

ing increasingly extreme flow events and is among

the most vulnerable ecosystems to climate change

(Hirabayashi et al., 2008). Results from this study

highlight that the relevance of extreme events for the

stream organic C dynamics strongly depends on the

season, so that, the C cycle could be more or less

affected by the ongoing alteration of the precipitation

patterns if, for example, floods increase during fall

(more influence) or during winter (less influence).

Changes in the timing of extreme flow events can

therefore modify the role of headwater forested

streams in the C cycle, as the ratio of processed to

total C is particularly sensitive to extreme flow events.

In this direction, Acuña & Tockner (2009) stressed that

increasing intermittency extent (number of days with

zero flow) might have a profound effect on the stream

organic C dynamics, with an effect even more relevant

than warming water temperatures. Overall, the rele-

vance of flow regime alterations on the C dynamics

plus the large amounts of organic C processed in inland

waters stress the need to further explore the coupling

between the flow regime and the C cycle.
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