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ABSTRACT

Most fluvial networks worldwide include water-

courses that recurrently cease to flow and run dry.

The spatial and temporal extent of the dry phase of

these temporary watercourses is increasing as a

result of global change. Yet, current estimates of

carbon emissions from fluvial networks do not

consider temporary watercourses when they are

dry. We characterized the magnitude and variabil-

ity of carbon emissions from dry watercourses by

measuring the carbon dioxide (CO2) flux from 10

dry streambeds of a fluvial network during the dry

period and comparing it to the CO2 flux from the

same streambeds during the flowing period and to

the CO2 flux from their adjacent upland soils. We

also looked for potential drivers regulating the CO2

emissions by examining the main physical and

chemical properties of dry streambed sediments

and adjacent upland soils. The CO2 efflux from dry

streambeds (mean ± SD = 781.4 ± 390.2 mmol

m-2 day-1) doubled the CO2 efflux from flowing

streambeds (305.6 ± 206.1 mmol m-2 day-1) and

was comparable to the CO2 efflux from upland soils

(896.1 ± 263.2 mmol m-2 day-1). However, dry

streambed sediments and upland soils were

physicochemically distinct and differed in the

variables regulating their CO2 efflux. Overall, our

results indicate that dry streambeds constitute a

unique and biogeochemically active habitat that

can emit significant amounts of CO2 to the atmo-

sphere. Thus, omitting CO2 emissions from tem-

porary streams when they are dry may overlook

the role of a key component of the carbon balance

of fluvial networks.
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INTRODUCTION

Fluvial networks emit significant amounts of car-

bon dioxide (CO2) to the atmosphere (Raymond

and others 2013; Lauerwald and others 2015).

However, considerable uncertainties regarding the

magnitude and controls of CO2 emitted from fluvial

networks still exist (Wehrli 2013). For instance,

current global estimates do not accurately consider

the CO2 emitted from expanded areas of rivers and

streams during floods, which can increase the areal

extent of fluvial networks by several orders of

magnitude (Richey and others 2002). Also, these

estimates, based on continuous models, do not in-

clude the CO2 emitted from local discontinuities

along the fluvial network, such as weirs, rapids,

waterfalls or turbine releases in hydropower plants

(Wehrli 2013). Finally, current estimates do not

consider the CO2 emitted from the areas of tem-

porary watercourses that recurrently desiccate

(Raymond and others 2013; von Schiller and others

2014).

Temporary watercourses are found worldwide

(Acuña and others 2014; Leigh and others 2015).

In Australia, roughly 70% of the 3.5 million kilo-

metres of watercourses are considered temporary

(Sheldon and others 2010), and more than half of

the total length of watercourses in the United

States, Greece and South Africa are also temporary

(Larned and others 2010). Temporary watercourses

can also be found in humid areas such as Antarctica

(McKnight and others 1999) and Amazonia

(Chapman and Kramer 1991). Low-order streams

deserve special attention, since they account for

more than 70% of fluvial networks surface area

and are particularly prone to flow intermittency

(Lowe and others 2006). These are dynamic sys-

tems in time and space, and analysing their spatial

coverage is particularly difficult to detect by tradi-

tional mapping techniques (Benstead and Leigh

2012). We can therefore suspect that the surface

area of temporary watercourses in the global fluvial

network can be higher than 50% (Datry and others

2014), whereas their importance is increasing as a

result of the combined effects of climate and land-

use changes (Palmer and others 2008; Larned and

others 2010; Hoerling and others 2012).

The dry streambeds of temporary streams, also

commonly referred to as dry riverbeds (Steward

and others 2012), are dynamic habitats (Stanley

and others 1997; Boulton 2003), representing

transitional zones between dissimilar habitats, and

transitional periods between persistent and dis-

similar states (Naiman and Decamps 1997). These

systems are constrained by the strength of inter-

actions with their adjacent ecosystems. Thus, de-

spite being traditionally neglected by aquatic and

terrestrial ecologists and biogeochemists, dry

streambeds are likely to be unique biogeochemical

hotspots for materials transformations (McClain

and others 2003). In fact, recent studies reported

that carbon processing in dry streambed sediments

can be maintained to some degree during stream

desiccation by the activity of well-adapted biofilms

(Zoppini and Marxsen 2011; Timoner and others

2012; Pohlon and others 2013). Likewise, first

estimates also showed that dry streambeds are not

inert but rather active sites for CO2 release to the

atmosphere (Gallo and others 2014; von Schiller

and others 2014, Gómez-Gener and others 2015).

The carbon processed in dry streams has its own

particular history, because it has either already left

terrestrial ecosystems and entered the fluvial net-

work or was produced within the fluvial network

(Steward and others 2012). Therefore, emissions of

CO2 from dry streambeds should not be considered

terrestrial, but mostly as a fundamental biogeo-

chemical component of fluvial networks that

experience large, often seasonal, hydrological

expansions and contraction. Yet, there is an

important lack of knowledge regarding the spatial

variability and drivers of CO2 emissions from dry

streambeds and the differences and similarities

with respect to CO2 emissions from terrestrial soils.

The aim of this study was to quantify CO2 emis-

sions from dry streambeds of temporary streams

within a fluvial network and to compare them to

those during the period with flow and to those from

adjacent upland soils. We also looked for potential

drivers regulating the CO2 emissions by examining

the main physical and chemical properties of dry

streambed sediments and adjacent upland soils. We

predicted differences in both the magnitude and

drivers controlling CO2 emissions between dry

streambeds and the other investigated habitats be-

cause of strong dissimilarities in physicochemical

properties and biogeochemical dynamics.

METHODS

Study Site and Sampling Design

The Fluvià River (NE Iberian Peninsula) is 97 km

long and drains a 990-km2 catchment covered with

mixed forests (78%), agricultural (19%) and urban

(3%) areas (Land Cover Map of Catalonia 2009,

Centre of Ecology and Forestry Research of

Catalonia, http://www.creaf.uab.es/mcsc/). The
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climate in the region is typically Mediterranean.

Mean monthly air temperature ranges from 6�C in

January to 26�C in July. Mean annual precipitation

is 660 mm, with rainfall mainly occurring in au-

tumn and spring (Data from 2004 to 2014, Catalan

Water Agency, http://aca-web.gencat.cat). During

the wet period (late autumn to early spring),

hydrological connectivity is enhanced and most of

the fluvial network area is covered with surface

water. In contrast, during the dry period (late

spring to early autumn) hydrological connectivity

is reduced and the area of the fluvial network

covered with surface water drastically decreases.

We conducted two samplings in 10 temporary

tributaries of the Fluvià River spanning a wide

range of physiographic and land-use conditions

(Table 1; see Appendix 1 in Supplementary Mate-

rials for details). In the first sampling (dry period;

August 2014), we measured CO2 fluxes and took

samples from the dry streambed sediments and

adjacent upland soils. The upland was defined as

the area occupied by terrestrial vegetation located

close to the stream but beyond the strip of riparian

vegetation. In the second sampling (flowing period,

March 2015), we measured the CO2 fluxes from

the streambeds where flowing water was found,

that is, 7 out of 10 streams (see Appendix 2 in

Supplementary Materials for details). All the CO2

flux measurements and associated sampling were

carried out at each stream only once during the

day.

Determination of CO2 Fluxes

In both dry streambeds and upland soils, we ap-

plied the enclosed dynamic chamber method (Liv-

ingston and Hutchinson 1995) to measure the CO2

flux. Briefly, we monitored the gas concentration

in an opaque chamber (SRC-1, PP-Systems, USA)

every 4.8 s with an infrared gas analyser (EGM-4,

PP-Systems, USA). According to the manufac-

turer’s specifications, the measurement accuracy of

the EGM-4 is estimated to be within 1% over the

calibrated range. In all cases, flux measurements

lasted until a change in CO2 of at least 10 latm was

reached, with a maximum duration of 300 s and a

minimum of 120 s. We calculated the CO2 flux

(FCO2
, mmol m-2 day-1) from the rate of change of

CO2 inside the chamber:

FCO2
¼ dpCO2

dt

� �
V

RTS

� �
; ð1Þ

where dpCO2
=dt is the slope of the gas accumulation

in the chamber along time in latm s-1, V is the

volume of the chamber (1.171 dm3), S is the sur-

face area of the chamber (0.78 dm2), T is the air

temperature in Kelvin and R is the ideal gas con-

stant in l atm K-1 mol-1. Positive FCO2
values

represent efflux of gas to the atmosphere, and

negative FCO2
values indicate influx of gas from the

atmosphere. We performed 4 randomly distributed

measurements within each site, that is, 4 in dry

streambeds and 4 in upland soils.

In the flowing streambeds, we measured the CO2

flux applying the Fick’s First Law of gas diffusion:

FCO2
¼ kCO2

Kh pCO2;w � pCO2;a

� �
; ð2Þ

where FCO2
is the estimated CO2 flux between the

surface stream water and the atmosphere in

mmol m-2 day-1, Kh is the Henry’s constant in

mmol latm-1 m-3 adjusted for salinity and tem-

perature (Weiss 1974; Millero 1995), pCO2,w and

pCO2,a are the surface water and the atmosphere

partial pressures of CO2 in latm, respectively, and

kCO2
is the specific gas transfer velocity for CO2 in

m day-1.

We measured pCO2,w and pCO2,a with an infra-

red gas analyser (EGM-4, PP-Systems, USA). In the

case of pCO2,w we coupled the gas analyser to a

membrane contactor (MiniModule, Liqui-Cel,

USA). The water was circulated via gravity through

the contactor at 300 mL min-1, and the equili-

brated gas was continuously recirculated into the

infrared gas analyser for instantaneous pCO2 mea-

surements (Teodoru and others 2010).

We followed the approach used by Gómez-Gener

and others (2015) to estimate the kCO2
from the

night-time drop in dissolved oxygen concentration

(Hornberger and Kelly 1972), a method that has

been extensively applied in ecosystem metabolism

studies in rivers and streams (for example, Aristegi

and others 2009; Hunt and others 2012; Riley and

Dodds 2013). Briefly, photosynthesis ceases from

sunset to sunrise; thus night-time dynamics of

oxygen depend on respiration and reaeration.

During the night, respiration reduces the oxygen

levels until atmospheric equilibrium is reached. In

parallel, reaeration approaches the oxygen con-

centration to saturation. Thus, when we plot the

night-time oxygen concentration per unit of time

versus the oxygen saturation deficit, a linear trend

is obtained. The intercept of the regression corre-

sponds to the respiration rate in g O2 m
-2 h-1, and

the slope to the mean reaeration coefficient (KO2
)

in day-1. We corrected the KO2
for depth to obtain

the mean gas transfer velocity of oxygen ðkO2
Þ in

m day-1 (Raymond and others 2012) and we fur-

ther transformed kO2
to kCO2

by applying equa-

tion (3).
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kCO2
¼ kO2

ScCO2

ScO2

� ��n

; ð3Þ

where kCO2
is the mean gas transfer velocity of CO2

in m day-1, ScCO2
and ScO2

are the Schmidt num-

bers of CO2 and O2, respectively, at a given water

temperature (Wanninkhof 1992). Following Bade

(2009), we set the exponent n to 1/2 for turbulent

environments, that is, flowing waters. Our kCO2

ranged from 0.075 to 15.21 m day-1. We obtained

the diel cycles of dissolved oxygen concentration

and temperature at each site at a frequency of

5 min with an optical dissolved oxygen sensor

(MiniDot, PME, USA). The oxygen probes were

inter-calibrated before the sampling campaign.

Physical and Chemical Characterization
of Dry Streambeds and Upland Soils

At each flux measurement location, we measured

the substrate temperature by means of a

portable soil probe (Decagon ECH2O 10HS, Pull-

man, USA) and collected substrate samples, that is,

dry streambed sediments and upland soils

(0–10 cm depth), after the flux measurements had

been carried out. In the laboratory, we measured

the substrate pH from a 1:1 sample:deionized water

mixture (McLean 1982) with a hand-held pH meter

(pH 3110, WTW, Germany). We also determined,

gravimetrically, the substrate water content by

drying a fresh subsample at 105�C and the organic

matter content by sample combustion following

the loss on ignition method (Dean 1974). We

sieved the air-dried samples (2-mm mesh) and

determined their main textural fractions (% sand,

% silt and % clay) and their mean particle size with

a laser-light diffraction instrument (Coulter LS 230,

Beckman-Coulter, USA). We determined the per-

centage of organic carbon (OC) and total nitrogen

(TN) from a sieved and air-dried subsample on an

Elemental Analyzer (Model 1108, Carlo-Erba, Ita-

ly) after grinding and eliminating the inorganic

fraction by acidification (HCl 1.5 N).

Water Extractable Organic Matter (WEOM), the

fraction of DOM extracted with deionized water

and conceptually consisting of the mobile and

available portion of the total DOM pool (Corvasce

and others 2006; Vergnoux and others 2011), was

obtained by shaking (100 rpm, 4�C) the air-dried,

sieved and ground samples with deionized water in

the dark for 48 h with a sample:water ratio of 1:10.

After the extraction, we filtered the leachates

through 0.70- and 0.45-lm pre-combusted glass

microfiber filters (Whatman, USA). We determined

their raw dissolved organic carbon (DOC) and total

dissolved nitrogen (TDN) concentration with a total

organic carbon analyser (TOC-V CSH, Shimadzu,

Japan). The detection limit of the analysis proce-

dure was 0.05 mg C l-1 for DOC and 0.005 mg

N l-1 for TDN. All samples were previously acidi-

fied with HCl 1.5 N and preserved at 4�C until

analysis. The extraction efficiencies were calculated

as the ratio between the mass of WEOM recovered

and the mass of the dry sample used for the

extraction.

UV/Vis absorbance and fluorescence spectra

were obtained from diluted WEOM extracts

(DOC � 10 mg l-1) (Anesio and others 2000). We

measured the UV/Vis absorbance spectra (200–

800 nm) using a 1-cm quartz cuvette on a spec-

trophotometer (Shimadzu UV-1700, Shimadzu,

USA) with an analytical precision of 0.001 absor-

bance units. From the absorbance spectra, we cal-

culated the specific UV absorbance at 254 nm

(SUVA254, L mg-1 m-1) by dividing the absorbance

at 254 nm by DOC concentration and cuvette path

length (m). SUVA254 is positively related with the

aromaticity of DOM, with values generally ranging

between 1 and 9 L mg-1 m-1(Weishaar and others

2003).

We obtained the excitation–emission matrices

(EEM) on a spectrofluorometer (Shimadzu RF-

5301PC, Shimadzu, USA) using a 1-cm quartz

cuvette. We ran the EEM scans over an emission

range of 270–630 nm (1-nm increments) and an

excitation range of 240–400 (10-nm increments). A

water blank (Milli-Q Millipore) EEM, recorded

under the same conditions, was subtracted from

each sample to eliminate Raman scattering. The

area underneath the water Raman scan was used to

normalize all sample intensities. All the EEMs were

corrected for instrument-specific biases, and inner-

filter effects corrections were applied according to

Kothawala and others (2013). From the EEMs, we

calculated 3 indices: the fluorescence index (FI) as

the ratio of the emission intensities at 470/520 nm

for an excitation wavelength of 370 nm (Jaffé and

others 2008). FI is an indicator of terrestrial (low

FI) or microbial (high FI) origin of DOM. The

humification index (HIX) was calculated as the

peak area under the emission spectrum 435–

480 nm divided by that of 300–345 nm, at an

excitation of 254 (Zsolnay and others 1999). Higher

values of HIX correspond to a higher degree of

humification (Huguet and others 2009; Fellman

and others 2010). Finally, we calculated the bio-

logical index (BIX) as the ratio of the emission

intensities at 380/430 nm for an excitation of

310 nm (Huguet and others 2009). The BIX is an

indicator of recent biological activity or recently
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produced DOM. Higher values of BIX correspond to

a predominantly autochthonous origin of DOM

and to the presence of OM freshly released into the

sample, whereas a lower DOM production will lead

to a low value of BIX (Huguet and others 2009).

Data Analysis

We performed paired t tests to test the differences

in terms of CO2 flux among habitats, that is, dry

streambed versus upland soil and dry streambed

versus flowing streambed.

We applied a principal component analysis

(PCA) on the correlation matrix to ordinate the dry

streambeds (n = 10) and upland soil sites (n = 10)

by their physical and chemical properties. All the

variables included in the analysis are described in

Table 2. We also examined differences in physical

and chemical properties of dry streambed sedi-

ments and upland soils by means of paired t tests.

We built two PLS regression models (projections

of latent structures by means of partial least

squares, Wold and others 2001) to identify the

potential physical and chemical drivers of CO2

fluxes in dry streambeds (n = 35) and upland soils

(n = 34). All the variables included in the models

are described in Table 2. PLS is a regression

extension of PCA and allows the exploration of

relationships between multiple, collinear data

matrices of X’ and Y’s. The model performance is

expressed by R2Y (explained variance) and by Q2Y

(predictive power estimated by cross validation).

The PLS model was validated by comparing the

goodness of fit with models built from randomized

Y-variables. To summarize the influence of every

X-variable on the Y-variable, across the extracted

PLS components, we used the variable influence on

projection (VIP). The VIP scores of every model

term (X-variables) are cumulative across compo-

nents and weighted according to the amount of Y-

variance explained in each component (Eriksson

and others 2006). X-variables with VIP > 1 are

most influential on the Y-variable. A cutoff around

0.8 separates moderately important X-variables,

whereas those below this threshold can be regarded

as less influential.

All statistical analyses were conducted in the R

statistical environment (R Core Team 2013) using

the vegan package (Oksanen and others 2013),

except for PLS analysis which was done with the

software XLSAT (XLSTAT 2015.2.01, Addinsoft

SRAL, Germany). Our data met the conditions of

homogeneity of variance and normality. Statistical

tests were considered significant at p < 0.05. Ex-

treme outliers were excluded from the CO2 flux

dataset after careful data exploration using

numerical and graphical tools, that is, Cook’s

influential outlier tests, boxplots, and Cleveland

dotplots, following Zuur and others (2010).

RESULTS

CO2 Emissions

Dry streambeds (mean ± SD = 781.4 ± 390.2

mmol m-2 day-1), flowing streambeds (305.6 ±

206.1 mmol m-2 day-1) and upland soils (896.1 ±

263.2 mmol m-2 day-1) were net emitters of CO2

to the atmosphere (Figure 1). The CO2 efflux from

dry streambeds experienced the highest intra-

habitat variability and was significantly higher than

the CO2 efflux from flowing streambeds (Paired t

Table 2. Overview of X- and Y-Variables Included in the PCA and PLS Models

Variable Description PCA model PLS models

Fco2 CO2 flux (mmol m-2 day-1) – Y

WC Water content (%) X X

Temp Temperature (ºC) X X

Sand Sand fraction (%) X X

Silt Silt fraction (%) X X

Clay Clay fraction (%) X X

P. Size Mean particle size (lm) X X

OM Organic matter content (%) X X

OC Organic carbon content (%) X X

TN Nitrogen content (%) X X

DOC Dissolved organic carbon concentration of WEOM (mg g-1) X X

TDN Total dissolved nitrogen concentration of WEOM (mg g–1) X X

SUVA SUVA254 index of WEOM (l mg-1) X X

FI Fluorescence index of WEOM X X

HIX Humification index of WEOM X X

BIX Biological index of WEOM X X
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test: p = 0.043, n = 7), but not statistically different

than the CO2 efflux from upland soils (Paired t test:

p = 0.444, n = 10).

Physical and Chemical Properties of Dry
Streambed Sediments and Upland Soils

The principal component analysis (PCA) based on

physical and chemical properties of the dry

streambed sediments and upland soils stressed

differences between the two habitats (Figure 2).

The two first axes of the PCA explained 71.6% of

total variance. The first principal component

(58.9% of total variance), clearly separated dry

streambeds and upland soils, and was related to

texture properties, water content and organic

matter quantity. The second principal component

(12.7% of total variance) was mainly related to

temperature and quality of the WEOM, and ex-

erted a minor effect on the scores distribution

along the 2 planes.

Figure 1. Mean CO2 efflux from dry streambeds

(n = 10), flowing streambeds (n = 7) and adjacent up-

land soils (n = 10) of the studied streams. The error bars

represent standard deviations.

Figure 2. Multivariate ordination (PCA) of dry streambed sediments and upland soils based on physical and chemical

descriptors (see Table 2 for the explanation of the abbreviations). The percentage of explained variation for each com-

ponent is shown in brackets. The symbols represent the scores of the samples for the first two axes and the arrows represent

the loadings of each descriptor for the first two axes.
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The paired t tests further corroborated that dry

streambed sediments and upland soils differed in

several physical and chemical properties (Table 3).

Water content was significantly lower in dry

streambeds than in upland soils. The substrate

texture differed significantly between habitats

with dry streambeds having a higher sand fraction

and mean particle size, whereas upland soils had

higher silt and clay fractions. The pH was signifi-

cantly higher in dry streambeds, whereas upland

soils had higher organic matter, organic carbon

and nitrogen contents, both in the solid and in the

extracted phase (WEOM). The SUVA254 and FI

indices indicated that the WEOM from dry

streambeds was less aromatic and had a more

microbial-derived character than the WEOM from

upland soils.

Drivers of CO2 Emissions from Dry
Streambed Sediments and Upland Soils

The PLS regression model for dry streambed sedi-

ments (Figure 3A) extracted two components from

the data matrix that explained 40% of the variance

(R2Y = 0.40). The first (horizontal axis in Fig-

ure 3A) and the second PLS components (vertical

axis in Figure 3A) explained, respectively, 20.1 and

19.7% of the variance. This analysis stressed the

relevance (VIP > 1) of sediment temperature,

mean particle size, DOC, TDN and TN explaining

the variance in the CO2 efflux from dry streambed

sediments.

The PLS model for upland soils (Figure 3B) ex-

tracted two components that explained 42% of the

variance (R2Y = 0.42). The first and the second PLS

components explained, respectively, 24.0 and

17.6% of the variance. The pH, mean particle size,

sand, silt and clay fractions, SUVA254, FI and HIX

were the most influential descriptors explaining the

variance in the CO2 efflux from upland soils

(VIP > 1).

DISCUSSION

Magnitude of CO2 Emissions from Dry
Streambeds

Dry streambeds from the studied fluvial network

emitted substantial amounts of CO2 to the atmo-

sphere. Our measurements of CO2 efflux from dry

streambeds (mean = 781 mmol m-2 day-1, range =

342–1533 mmol m-2 day-1) are similar to those

reported from a drying-rewetting experiment in

dry desert streams in Arizona, USA (395 mmol m-2

day-1, range = 20–1531 mmol m-2 day-1; Gallo and

others 2014) and higher than others observed in the

same geographical area of our study but with lower

spatial coverage (mean = 209 mmol m-2 day-1,

range = 189–220 mmol m-2 day-1; von Schiller and

others 2014; Gómez-Gener and others 2015). These

are, to our knowledge, the only previous studies

reporting CO2 effluxes from dry streambeds.

In the present study, we further show that the

CO2 efflux from dry streams was higher than the

CO2 efflux from the same streams when they were

flowing. This result indicates that energy flow,

nutrient cycling and subsequent CO2 production

and efflux remain active after flow cessation

(Boulton 1991; Jacobson and others 2000); Amal-

fitano and others 2008). This observation could be

related to limitation of the CO2 efflux due to re-

duced gas diffusivity and the likely higher uptake of

CO2 by primary producers in aquatic environments

compared to dry streambeds. Interestingly, these

results agree with recent studies highlighting the

relevance of the dry hydrological phases on the

CO2 fluxes from temporary systems of different

nature, including temporary ponds (Catalan and

others 2014) or reservoir beds found along

Mediterranean fluvial networks (Gómez-Gener

and others 2015).

Contrary to our expectations, the CO2 efflux

from dry streambeds was similar to the CO2 efflux

from adjacent upland soils. Similarly, von Schiller

and others (2014) observed a comparable CO2 ef-

flux between dry streambeds (median 212 mmol

m-2 day-1; range 36–455 mmol m-2 day-1) and a

compiled dataset of Mediterranean soils (median

188 mmol m-2 days-1; range 44–371 mmol m-2

day-1). However, as our results show, a similar

magnitude of CO2 efflux from dry streambeds

and their adjacent upland soils does not neces-

sarily imply that these habitats are equivalent in

their physical and chemical structure and func-

tion, and therefore in the way they process and

emit carbon.

Dry Streambeds as Unique
Biogeochemical Hotspots

The studied streambeds and their upland soils were

heterogeneous in terms of physical and chemical

properties, but our results revealed a clear cluster-

ing of samples by habitat. In general, variables re-

lated to the textural composition and the organic

matter content exerted the strongest influence on

the differentiation between the two habitats.

Specifically, dry streambed sediments showed a
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higher mean particle size and a higher proportion

of sand, whereas upland soils were associated with

lower mean particle size and higher proportions of

clay and silt fractions. Because they act as hydro-

logical flow paths, streambeds are more exposed to

higher and recurrent surface stress in comparison

to soils (Hickin 1995), making it more likely for

water flow to initiate sediment erosion and trans-

port. Thus, finer particles can be more easily

mobilized in streams, but tend to be more retained

in soils (Jacobson and others 2000). Dry streambed

sediments also contained less organic matter, that

is, OM, OC, TN, DOC, TDN, in comparison to up-

land soils. Dry streambeds and upland soils are

subject to different temporal and spatial dynamics

of transport, retention and processing of organic

matter (Wagener and others 1998). Accordingly,

we expect that recurrent periods of flow recession

and subsequent reflowing in temporary streams

may favour the oxidation and subsequent washing

of OM from dry streambeds, thus lowering its

concentration of OM (Acuña and others 2007;

Larned and others 2010).

Our results also show that dry streambed sedi-

ments and upland soils were different in terms of

the quality of organic matter. Significant differ-

ences in SUVA254 and FI values between habitats

indicate lower aromaticity and a higher signal of

in situ produced OM from dry streambed sedi-

ments. Mediterranean streams can receive a higher

leaf input from the riparian forest (direct and lateral

fluxes) in comparison to their upland soils during

drought periods (Acuña and others 2007). How-

ever, the recurrent periods of hydrological con-

nections and disconnections may prevent the

stabilization and further humification of stored

OM, thereby decreasing the signal of plant struc-

tural compounds such as lignin in the WEOM

fraction. The dry streambeds also showed higher

BIX values than upland soils, pointing again to-

wards a higher proportion of fresh DOM com-

pounds likely derived from fluvial microbial

sources (Birdwell and Engel 2010). The stronger

microbial character of the WEOM from dry

streambed sediments compared to upland soils was

likely due to the extracellular release and leachate

from decaying bacteria and algae as a result of

stream drying (Fierer and Schimel 2003; Borken

and Matzner 2009; Kaiser and others 2015).

Regulation of CO2 Effluxes from Dry
Streambeds and Upland Soils

The physical and chemical variables that controlled

the CO2 efflux differed between dry streambeds

and upland soils, despite some variables, that is,

temperature and textural composition, being in-

volved in the regulation of the efflux in both

habitats. The positive relationship between tem-

perature and many biogeochemical processes by

stimulation of the microbial activity, for example,

autotrophic and heterotrophic respiration, has

been widely reported (Raich and Schlesinger 1992;

Mielnick and Dugas 2000; Raich and others 2002).

Soil texture also influenced the CO2 efflux from dry

streambeds and from upland soils but in opposite

directions in each habitat. The CO2 efflux from dry

streambeds increased with decreasing mean parti-

cle size. Burke and others (1989) and Buschiazzo

and others (2004) also reported that higher pro-

portions of small particles, that is, silt and clay

fractions, correlated positively with DOC, TDN and

TN concentrations and with water holding capacity,

while Austin and others (2004) showed that this

promoted microbial heterotrophic respiration in

soils of arid and semiarid ecosystems. On the con-

trary, our upland soils responded inversely to the

textural properties and showed higher CO2 efflux

with increasing proportion of coarse-textured soils.

This observation can be attributed to a higher dif-

fusion of air and higher infiltration of water to the

rooting zone of vegetated soils, resulting in a sig-

nificant contribution of autotrophic respiration to

the total CO2 efflux in the investigated soils (Noy-

Meir 1973; Cable and others 2008; Catalán and

others 2014).

Apart from these common drivers of the CO2 ef-

flux, some variables specifically regulated the efflux

from dry streambeds and upland soils. The concen-

tration of the particulate and water extracted frac-

tions of organic carbon and nitrogen were involved

in the regulation of the CO2 efflux only in dry

streambeds. The availability of OM can be enhanced

during drying periods by release of high amounts of

fresh and labile materials to sediment interfaces

through microbial cell lysis and physical processes

(Fierer and Schimel 2003; Borken and Matzner

2009). However, the microbial activity in dry

streambeds could be partially limited by the low

concentration of DOC, TDN and TN in the substrate

(Table 3), thus explaining the positive effect of OM

concentration variables (TDN, DOC, TN) on the CO2

efflux (Figure 3A). In contrast, the CO2 efflux from

upland soils was related to OM quality rather than

to OM quantity (Figure 3B). Efflux from upland

soils, which had a lower proportion of fresh and

labile fractions in comparison to the dry streambed

sediments (Table 3), was limited by the high aro-

maticity of the OM. Thus, low aromaticity and

molecular complexity and high microbial signal
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Figure 3. Loadings plot of the PLS regression analysis of the CO2 emissions from dry streambeds (A) and adjacent upland

soils (B). The graph shows how the Y-variable (square) correlates with X-variables (circles) and the correlation structure of

the X’s. The X-variables are classified according to their variable influence on projection value (VIP): highly influential

(black circles), moderately influential (grey circles) and less influential (white circles). The X-variables situated near Y-variables

are positively correlated to them and those situated on the opposite side are negatively correlated. See Table 2 for the

explanation of the abbreviations.
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were associated with high CO2 efflux in the upland

soils. The amount and composition of soil organic

matter have been previously identified as important

factors affecting CO2 efflux from soils (Casals and

others 2009, Grogan and Jonasson 2005; Paré and

Bedard-Haughn 2013).

The PLS models only accounted for 50% of the

total variance in CO2 emissions, indicating that

other factors involved in the production of CO2

potentially contributed to the final CO2 efflux.

Such factors could include differences in microbial

community structure, biomass and activity (Amal-

fitano and others 2008), or non-biotic CO2-gener-

ating processes, such as groundwater CO2 import

(Rey 2015), reactions with the carbonate system

(Angert and others 2014), photochemical degra-

dation (Austin and Vivanco 2006) or the effect of

wind and air-pressure on the exchange of CO2

(Suleau and others 2009; Redeker and others

2015). Our results represent an initial attempt at

identifying and quantifying the main drivers reg-

ulating CO2 emissions from dry streambeds.

CONCLUSIONS

Temporary watercourses can be found worldwide,

and the spatial and temporal extent of the dry

phase of these systems is increasing as a result of

global change. Despite the prevalence of temporary

watercourses, most knowledge in stream ecosystem

ecology has been exclusively derived from studies

in perennial streams. Thus, fundamental concepts,

including the role of fluvial networks in global

biogeochemical cycles, may be challenged when

temporary watercourses are considered. Our study

shows that streams do not turn into inert ecosys-

tems when they become dry. On the contrary, they

remain as unique biogeochemical hotspots pro-

cessing and degassing significant amounts of car-

bon to the atmosphere comparable to those from

upland soils. Our results strongly suggest that not

considering streams when they are dry will lead to

inaccurate estimates of CO2 emissions from fluvial

networks.
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