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Abstract Droughts are recognized to impact global

biogeochemical cycles. However, the implication of

desiccation on in-stream carbon (C) cycling is not well

understood yet. We subjected sediments from a

lowland, organic rich intermittent stream to experi-

mental desiccation over a 9-week-period to investigate

temporal changes in microbial functional traits in

relation to their redox requirements, carbon dioxide

(CO2) and methane (CH4) fluxes and water-soluble

organic carbon (WSOC). Concurrently, the implica-

tions of rewetting by simulated short rainfalls (4 and

21 mm) on gaseous C fluxes were tested. Early

desiccation triggered dynamic fluxes of CO2 and CH4

with peak values of 383 and 30 mg C m-2 h-1

(mean ± SD), respectively, likely in response to

enhanced aerobic mineralization and accelerated

evasion. At longer desiccation, CH4 dropped abruptly,

likely because of reduced abundance of anaerobic

microbial traits. The CO2 fluxes ceased later, suggest-

ing aerobic activity was constrained only by extended

desiccation over time. We found that rainfall boosted

fluxes of CO2, which were modulated by rainfall size

and the preceding desiccation time. Desiccation also

reduced the amount of WSOC and the proportion of

labile compounds leaching from sediment. It remains

questionable to which extent changes of the sediment

C pool are influenced by respiration processes,

microbial C uptake and cell lysis due to drying-

rewetting cycles. We highlight that the severity of the

dry period, which is controlled by its duration and the

presence of precipitation events, needs detailed con-

sideration to estimate the impact of intermittent flow

on global riverine C fluxes.
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Introduction

Streams play a substantial role in global carbon

(C) cycling by releasing carbon dioxide (CO2) and

methane (CH4) to the atmosphere and by shaping the

quantity and quality of dissolved organic C through

organic matter processing during its transit towards

the ocean (Raymond et al. 2016). Uncertainties still

exist on C fluxes in streams that suffer from discon-

tinuities in flow. Over 50% of the global stream

network is intermittent, experiencing flow cessation

and drying at some points in space and time (Acuña

et al. 2014). The frequency, duration and magnitude of

intermittency are expected to dramatically increase in

response to climate change and growing water use

(Messager et al. 2021). In arid and semiarid regions,

intermittent streams are the dominant surface water

type (Datry et al. 2014). Regions that are more humid

are no exception, however, and numerous temperate

lowland streams are increasingly experiencing hydro-

logical drought (Andersen et al. 2006; Nützmann and

Mey 2007); yet, the impact of flow intermittency on

biogeochemical cycles has been poorly addressed

(Dewey et al. 2020).

Recent research suggests that the dry reaches of

intermittent streams, which are typically excluded

from global C budgets, can contribute significantly to

global gaseous CO2 fluxes from stream networks to the

atmosphere (Marcé et al. 2019; Keller et al. 2020).

Beyond the dry phase, intermittent streams can supply

C to other downstream ecosystems through leachates

from dry substrates upon rewetting (Shumilova et al.

2019). Compared with streams in arid and semiarid

areas, lowland streams in temperate climate regions

tend to accumulate larger amounts of organic matter;

thus, understanding how dry-wet cycles alter C

turnover is essential to anticipate environmental

consequences of drying in stream networks.

The duration of the dry period, seen as a proxy of

desiccation severity, is recognized to greatly shape

biogeochemical cycling in intermittent streams

(Muñoz et al. 2018; Arce et al. 2019; Vidal-Abarca

et al. 2020). Desiccation induces changes in the

structure and functioning of microbial communities

(Febria et al. 2012; Romanı́ et al. 2017) and in the

physico-chemical conditions of sediments (von Schil-

ler et al. 2017; Casas-Ruiz et al. 2016; Harjung et al.

2019a). As redox requirements are fundamental in

defining microbial niches, turnover in the microbial

community may be expected, with ensuing implica-

tions for C cycling and gaseous C fluxes. Besides,

biogeochemical implications of desiccation can be

locally noted at vertical scale in sediments, with

surface sediments being generally more susceptible to

drying than deeper, more desiccation-protected layers

(Arce et al. 2019). Exposure to air diminishes the

activity of anaerobic functional groups, including

CH4-producing methanogens, especially in surface

sediments. Conversely, the activity of aerobic

microbes like CH4-oxidizers (i.e., methanotrophs)

may remain unchanged as long as CH4 is available.

Correspondingly, low CH4 but high CO2 fluxes have

been reported from dry reaches of intermittent streams

(von Schiller et al. 2014; Gómez-Gener et al.

2015, 2016).

Increased CO2 fluxes are attributed to favored

growth of aerobic heterotrophic microbes during

oxygen-rich desiccation periods (Fromin et al. 2010).

However, persisting desiccation both in aquatic sed-

iments and soils is known to impact microbial

community structure and activity and to limit diffusion

and supply of dissolved nutrients (Romanı́ et al. 2017;

Schimel 2018). This may result in the cessation of

evasion of biogenic (i.e. microbially produced) gases

(Arce et al. 2019; Marcé et al. 2019). In soils, nutrient

and C processing, specifically CO2 fluxes, tend to

rapidly increase in response to rewetting, a phe-

nomenon known as ‘‘Birch effect’’ (Birch 1958; Kim

et al. 2012); relatively less studied in dry riverbed

sediments (Arce et al. 2019; Marcé et al. 2019; von

Schiller et al. 2019). Rain-induced rewetting during

the dry period without generating surface flow may

trigger temporarily high C fluxes to the atmosphere

despite streams appearing as seemingly quiescent

because of the lack of surface water. For instance,

Gallo et al. (2014) observed increased fluxes of CO2,

CH4 and N2O following simulated rainfalls in several

dry ephemeral streams in Arizona, USA. Furthermore,

the size of the rainfall and the duration of the precedent

desiccation period can shape the magnitude of rainfall-

induced gas fluxes (Arce et al. 2018; Gebremichael

et al. 2019).
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Since a surface water compartment providing

nutrients and C is not available during desiccation,

streambed sediments gain importance as a source of

substrates fueling the short-term C fluxes to atmo-

sphere. Furthermore, while short rainfall can impact C

fluxes to atmosphere, organic C stocks in sediments

can also be mobilized and exported to downstream

reaches only upon a more intense rewetting.

Yet, there are large uncertainties regarding the

effects of desiccation on water-soluble organic C

(WSOC), an important fraction of C stored in

sediments (Tao and Lin 2000). Understanding changes

in the quantity and quality ofWSOC leaching from dry

streambed sediments is fundamental to appraise the

quality of stream water once water flow recovers

(Shumilova et al. 2019). Biotic and abiotic transfor-

mations, such as respiration and microbial leaching

due to dry-wet osmotic shifts (Fellman et al. 2011;

Vázquez et al. 2011; Ylla et al. 2011) can alter the

quantity and composition of WSOC (Dahm 1981;

McMaster and Bond 2008; Sabater and Tockner

2010). In intermittent stream networks, fluxes of the

released elements upon flow resumption may exceed

baseflow values by several orders of magnitude. Thus,

these fluxes can substantially contribute to annual

catchment export (Skoulikidis and Amaxidis 2009;

Bernal et al. 2013).

This study addresses two main objectives. First, we

investigate changes of in-stream C gaseous fluxes

(CO2 and CH4 emissions to atmosphere) and WSOC

leached from sediments, as desiccation progresses in

time. Second, we explore the implications of short

rainfall events of variable size (4 and 21 mm) on

gaseous C fluxes to the atmosphere in dependence of

the precedent desiccation time. We predict that

temporal progression of desiccation will drive rapid

and substantial changes in the fluxes of CO2 and CH4

from sediments to the atmosphere primarily because

of shifts in water and oxygen availability. More

specifically, we expect an increase in the flux of CO2

and a decrease in the flux of CH4 over desiccation

time. Furthermore, physicochemical changes in sed-

iments will shape the abundance of microbial func-

tional traits based on redox requirements (aerobic vs.

anaerobic taxa), especially in surface sediments,

and will impact microbial C production due to water

stress. Over progressing desiccation time, altered

C-transformations will imprint on the quantity and

quality of WSOC leached from sediments.

Considering that longer desiccation induces microbial

stress but water can alleviate this stress, we also

predict that rainfall-induced rewetting will boost

gaseous C fluxes. However, this response will be

stronger the higher the amount of rewetting water, and

weaker the longer the precedent desiccation time.

Methods

Experimental design

Water and submerged sediments were collected from

the Fredersdorfer Mühlenfließ, a temperate, intermit-

tent, lowland stream located in Brandenburg, south-

east of Berlin (North Germany, 52826’ 27.51’’N;

13841’00.85’’ E, 38 m asl). The catchment size of the

32.6-km long stream is 230 km2. The stream channel is

typically colonized by Ranunculion fluitantis and

Callitricho-Batrachion alliances and floating aquatic

mosses (Natura 2000 habitat type 3260). The riparian

zone consists of a mosaic of calcareous open peat-

lands, grasslands and natural floodplain forests with

Alnus glutinosa und Fraxinus excelsior. Sampling was

done at the end of May 2015 before surface flow

declined. Nutrient and C concentrations in surface

water (mean ± SD, n = 3) were 230 ± 25 lg N L-1

for NO3
-, 360 ± 50 lgNL-1 for NH4

?, 31 ± 2 lg P
L-1 for soluble reactive phosphorus, 10.6 ± 1.5 mg C

L-1 for dissolved organic carbon (DOC), and

0.53 ± 0.21 mg N L-1 for dissolved organic nitrogen

(DON).

Sediment samples were collected at 3 different sites

along a 100 m-reach, sieved (4 mm mesh size), and

transported to the laboratory. In the laboratory, 30

transparent acrylic glass columns (length 30 cm,

diameter 5.5 cm) were filled with sediments to a

depth of 15 cm and stream water to completely wet

them with a 2–3 cm surface water layer. Ten micro-

cosms were each filled with sediment from one of the

three field sites so that the 3 lab replicates sampled

destructively at later time points always represented

field replicates. All 30 microcosms were closed at the

bottom with a gas- and water-tight plug fitted with a

drainage and a stopcock, and placed in a ventilated

climate chamber (25 �C, dark). After 1 week of

acclimation, 3 replicate microcosms were destruc-

tively sampled for initial, wet conditions (pre-desic-

cation conditions or t = 0 weeks) (Fig. 1). Such pre-
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desiccation conditions hydrologically simulate a pool

environment, which typically occurs during stream

fragmentation before desiccation (von Schiller et al.

2017). The remaining 27 microcosms were grouped in

3 sets of 9 microcosms desiccated by drainage over 3,

6 or 9 weeks. Desiccation was achieved by draining

water through the bottom outlets until the whole

overlaying water in the microcosms vanished (approx.

24 h) and by evaporation in the ventilated climate

chamber; this simulated a losing intermittent reach,

which is subjected to desiccation by loss of water

through the hyporheic zone to groundwater (Boulton

et al. 2017). After each desiccation period (3, 6 and 9

weeks), different rainfall size was simulated, namely 0

(dry), 4 and 21 mm (Fig. 1), by spraying artificial

rainwater mimicking local rain chemistry (1.4 mg L-1

of Cl-, 2.2 mg L-1 of SO4
2-, 0.4 mg L-1 of K? and

1.6 mg L-1 of Ca2?). The different rainfalls just

differed in the amount of water added over the

microcosms, being duration and intensity of applica-

tion the same. After gas collection, the dry treatment

(i.e. 0 mm) set was destructively sampled with the

purpose of studying biogeochemical and microbial

parameters in two depth layers over desiccation time.

The 4 and 21 mm- treatment sets were similarly

sampled after the simulated rainfalls to characterize

the percentage of water content (WC%) in two

sediment depth layers. Gaseous C fluxes were deter-

mined throughout the whole experiment from micro-

cosms set aside for sampling after 9 weeks of

desiccation. This set was also employed to monitor

the variation in WC% in the whole sediment column

via change in microcosm weight, and the dissolved

oxygen (DO) in the interstitial surface and deep

sediments (Fig. 1). For that, we used optode sensors

(circular, diameter 0.5 cm) attached on the inner walls

at depths of 2 and 9 cm, respectively, and a Fiber Optic

Oxygen Meter Microx4 (PreSens, Regensburg,

Germany).

Gaseous C fluxes

To study CO2 and CH4 fluxes, we collected 2–3 gas

samples from microcosms closed by a gas-tight plug

fitted with a septum over 1 h to compute concentration

changes. To study desiccation effects, this was done in

Fig. 1 Experimental design

123

384 Biogeochemistry (2021) 155:381–400



9 microcosms before eventual rainfall-treatment

throughout 9 weeks of desiccation (Fig. 1): before

drainage, when microcosms had a water table (t = - 3

days), immediately after (t = 0 days) and several days

after drainage (t = 3, 6, 11, 17, 27, 39, 52 and 62 days).

To study short-term effects of rainfall events, 5

monitoring times were established: before (t = -2 h),

immediately (t = 0 h) and three times after rainfall

treatment (t = 2, 6 and 24 h). In all cases, headspace

gas samples (1 mL) were directly injected into a Los

Gatos ultraportable GHG analyzer (San José, CA,

USA) for CH4 and CO2 measurements (Wilkinson

et al. 2018). All measured concentrations were con-

verted to mass units through the application of the

Ideal Gas Law:

n ¼ ðP � VÞ=ðR � TÞ ð1Þ

where n is the number of moles/volume concentration

(e.g. moles C-CO2 L
-1 enclosure), P is the barometric

pressure, V is the volume/volume concentration (trace

gas concentration expressed in ppmv or lL C-CO2

L-1), R is the universal gas constant (0.0820575 L atm

K-1 mol-1), and T is the air temperature expressed in

K. By using the molecular weight of the trace gas

species (e.g. 12 lg C-CO2 per lmol CO2) the number

of moles were converted to concentration values (Cm).

They were then used to calculate gaseous fluxes via

linear regression of headspace gas concentration

versus time elapsed since the plug placement and

considering microcosm headspace and the sediment

area by means of the following equation:

f ¼ ðDCm=Dt � VhsÞ=A; ð2Þ

where f is gas flux as mass of C as CO2 or CH4 per area

and time expressed as mg C m-2 h-1, DCm/Dt is the
change in concentration of gas (Cm) over the enclosure

period time expressed as mg C m- 3 h-1, Vhs is

internal volume of the headspace expressed as m3, and

A is the sediment area expressed as m2. Additionally,

the total or cumulative gas flux post rainfall (mg C

m-2) was calculated by integrating the fluxes over

24 h following the moment of simulated rainfall.

Sediment sampling, water content and organic

matter properties

Subsequent to gas sampling, sediments of the dry

microcosms (i.e. rainfall = 0 mm) were destructively

sampled at the surface (0–3 cm) and deep layers

(3–15 cm) to determine water content. Immediately

after sampling, 1 mL of sediment was frozen with

liquid N for microbial analyses. Remaining material

was stored in plastic bags at 5� C pending further

processing within 24 h.

The WC% per sediment layer was calculated after

drying sediments at 60 �C for 72 h. To quantify the

percent of organic matter (OM%), dried sediments

were further combusted at 500 �C for 4 h.

Water-soluble organic matter was extracted from

sediments (volume ratio 1:5) using 2 M KCl (Gabor

et al. 2015). The salt solution mimics ionic strength of

the stream water and thus avoids extreme osmotic

stress on microorganisms’ cells upon rewetting when

using pure water (McNamara and Leff 2004). Besides,

unlike pure water, salty leaching solutions appear

preferable if spectrometric dissolved organic matter

measures are targetted (Gabor et al. 2015). Extracted

samples were centrifuged (3400 rpm, 10 min) and

filtered through pre-ashed (450 �C, 4 h)Whatman GF/

F filters (Maidstone, England, UK, 0.7 lm nominal

pore size). We then used a liquid chromatography-

organic carbon-organic nitrogen detection system

(LC-OCD-OND, DOC-Labor Huber, Karlsruhe, Ger-

many) (Huber et al. 2011; Graeber et al. 2012) to

measure total dissolved organic C and N concentra-

tions, and molecular size distributions including UV-

absorbance of size fractions. Bulk specific ultraviolet

absorbance at 254 nm (SUVA254; L mg C-1 m-1), a

surrogate of average aromaticity (Weishaar et al.

2003), was calculated by normalizing decadal absor-

bance at 254 nm to DOC concentration. Molecular

size distributions allowed to define three fractions of

WSOC (von Schiller et al. 2015): (i) ‘biopolymers’,

i.e. non-humic high molecular weight substances

(HMWS[ 10 kDa) of hydrophilic character and no

unsaturated structures like polysaccharides and pro-

teins, (ii) aromatic ‘humic or humic-like substances’

(HS) including building blocks, and (iii) ‘low molec-

ular-weight substances’ (LMWS) including acidic and

neutral substances. Fractions were assigned based on

standards of the International Humic Substances

Society. Before analysis, all samples were stored at

5�C for less than 2 weeks to avoid changes of

dissolved organic matter composition (Heinz and

Zak 2018). The same system also provides water-

soluble organic nitrogen (WSON) concentrations. For

the size fractions with detected N (HMWS and HS) we

also computed molar C:N ratios. Leaching yields of
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WSOC andWSONwere calculated as a fraction of dry

mass (mg g DM-1). Besides sediment leachates, we

also used LC-OCD-OND to analyze the surface and

drainage water of the microcosms for DOC and DON

concentrations.

Microbial community composition

We assessed microbial community composition in

functional terms of oxygen requirements (aerobic vs.

anaerobic taxa) and CH4 cycling (methanogens vs.

methanotrophs) by amplicon sequencing of the 16 S

rRNA gene and using FAPROTAX (‘‘functional

annotation of prokaryotic taxa’’, Louca et al. 2016)

to assign microbial functions to taxa data. Total

community DNA was extracted from 0.25-g sediment

samples stored at -80 8C using the PowerSoil DNA

isolation kit (MoBio Laboratories, CA, USA) accord-

ing to the manufacturer�s instructions with exception

of a bead beating step performed in a MP FastPrep-24

5G High Speed Homogenizer (MP Biomedical, CA,

USA) during 30 s at a speed of 5 m s-1. The

concentration and purity of DNA was examined using

a NanoDrop spectrophotometer (Fisher Scientific,

Schwerte, Germany). The measured concentrations

ranged between 20 and 63 ng lL-1 and were

expressed in ng per g of dry mass (DM). The DNA

was amplified with a primer pairs targeting the V4

region of the 16 S ribosomal RNA (rRNA) gene for

archaea and bacteria (515 F and 806R; Walters et al.

2016, conforming with the Earth Microbiome Project,

Thompson et al. 2017). The PCR amplification,

Illumina MiSeq library preparation (including

equimolar pooling of amplicons from different sam-

ples) and paired-end sequencing (V3 chemistry) was

carried out by LGC Genomics (Berlin, Germany).

Sequence reads (clipped from adaptor and primer

sequence remains) were processed using the DADA2

package in R (version 1.2.0) (Callahan et al. 2016).

Forward and reverse reads were filtered (maxN = 0,

maxEE = 2, truncQ = 2) and truncated to 180 bp,

corresponding to a minimum quality score of 30 along

the reads. An average of 94% of the reads were

retained after quality filtering. Chimeric sequences

(\ 5% of unique sequences) were removed using the

removeBimeraDenovo function. The resulting ampli-

con sequence variants (ASVs, analogous to opera-

tional taxonomic units) were used to construct a

table containing relative abundances of ASVs across

all samples. ASVs were taxonomically classified with

BlastN using a lowest common ancestor (LCA)

approach on a manually curated version (silvamod,

Lanzén et al. 2012) of the Silva SSURef database

(version 128, Pruesse et al. 2007) in MEGAN5 (Huson

et al. 2007) with the following LCA parameters: top

percent 2, minimum bit score 155, minimum number

of hits 1. Illumina MiSeq 16 S rRNA amplicon

sequence data was submitted to the NCBI Short Read

Archive (accession number SRP137655). Functional

trait estimation of the taxa was performed using

FAPROTAX (Louca et al. 2016) on the ASVs. Using

the current literature on cultured strains, FAPROTAX

maps microbial taxa to established metabolic or other

ecologically relevant functional traits. The ASV

Table (9404 ASVs in total, average ASV richness

per sample 1401 ± 535, SE), including taxonomic

classification of ASVs, was normalized to the total

sum of reads (TSS normalization) in each sample

before functional trait estimation. From this functional

table, we selected the relative abundance of methan-

otrophs and methanogens to examine their variation.

We also selected main aerobic and anaerobic functions

to sum their relative abundances. The aerobic pro-

cesses included methanotrophy, aerobic ammonia

oxidation, aerobic nitrite oxidation, nitrification and

aerobic chemoheterotrophy. The anaerobic processes

encompassed methanogenesis, respiration of sulfur

compounds, denitrification, fermentation, iron respi-

ration and chlorate reducers.

Comparative field sampling

In August 2015, after approximately 6 weeks of

desiccation period, we conducted a comparative field

sampling for gaseous C fluxes and chemical charac-

teristics of sediments. The aim of this sampling was to

obtain results under in situ desiccation conditions that

could be used to complement the outcomes concerning

C fluxes using the microcosm set up and to discuss the

potential variables that can shape experimental find-

ings under field conditions. Gaseous C fluxes were

measured using 1.2-L soil chambers (n = 3) provided

with a septum-cap and a collar that was inserted 5 cm

into the sediments. After 1 h of collar insertion,

chambers were capped and four gas tight gas vials (10

mL) were collected from headspace over 1 h by using

20-mL syringes and pre-evacuated gas vials (Mach-

ery-Nagel GmbH & Co., Berlin, Germany). Surface
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and deep sediments were collected with a hand shovel

and transported in plastic bags to the laboratory to

determine WC%, OM%, and the quantity and quality

of water-soluble organic matter within 24 h after

collection. The CO2 and CH4 fluxes were determined

on the same day of sampling as described for

microcosms experiments.

Statistical analysis

Changes of chemical and microbial variables through

desiccation time and per sediment layer were exam-

ined by means of general linear models (GLM). A

factoral design including desiccation time (0, 3, 6 and

9 weeks) and sediment layer (surface and deep) as

fixed factors as well as their interaction (time x

sediment) were included in the models. The temporal

factor desiccation time could be treated as fixed

because measurements were done in different micro-

cosms (Fig. 1), Holm�s post hoc test were used for

planned comparisons between pre-desiccation wet

conditions (i.e., 0 weeks) and the 3 desiccation dates

(3, 6 and 9 weeks). The effects of rainfall and duration

of precedent desiccation on cumulative gas fluxes

were examined using a similar GLM that included the

factors rainfall size (dry or 0 mm, 4 and 21 mm) and

desiccation time (3, 6 and 9 weeks) as well as their

interaction (time x rainfall). Holm�s post hoc tests

were used for comparisons among rainfall sizes by

each desiccation period. When significant differences

were found for cumulative fluxes, we graphically

examined the gaseous flux trajectories over the

monitoring time (-2, 0, 2, 6 and 24 h) in response to

the different rainfall treatments (0, 4 and 21 mm).

Statistical analyses were performed using SPSS

software vs. 24 (Chicago, IL, USA). Results were

considered significant at P\ 0.05.

Results

Sediment water content and dissolved oxygen

Sediment water content (WC%) of the whole micro-

cosms decreased from 42% on average at the begin-

ning to 9% after 9 weeks of desiccation (i.e. 62 days)

(Fig. 2a). In parallel, DO increased faster in surface

than in deep sediments and approached saturation at

approx. 9 mg L-1 after 10 days of desiccation

(Fig. 2a). After 24 days, DO in both sediment layers

matched and remained so until the end of the

experiment (Fig. 2a). WC% measured in surface and

deep sediments in dry microcosms (i.e., 0 mm)

decreased significantly after 6 and 9 weeks if

compared with initial conditions (Holm�s post hoc

test, P\ 0.05) (Fig. 2b, c). Simulated rainfall after

each desiccation time increased WC% in both sedi-

ment layers with the treatment of 21mm generally

inducing the largest values (Fig. 2b, c).

Gaseous C fluxes

Over the 9 weeks of desiccation, we found significant

temporal variation in the fluxes of CO2 and CH4

(Fig. 3). The CO2 fluxes reflected a change in the

direction of the emission with increasing fluxes at the

beginning of desiccation followed by a gradually

decreasing pattern. Average CO2 fluxes increased

from 5.3 mg C m-2 h-1 (t = - 3 days) to 38 mg C

m-2 h-1 after drainage (t = 0 days) and peaked with

an average of 383 mg C m-2 h-1 after 11 days of

desiccation (Fig. 3). Afterwards, CO2 fluxes gradually

decreased with a minimum average value of 1.2 mg C

m-2 h-1 at the end of the experiment. CH4 fluxes were

higher than CO2 fluxes in the beginning of the

experiment, and the fluctuations of CH4 fluxes through

desiccation were more dynamic than those of CO2

fluxes (Fig. 3). Average CH4 fluxes increased from

- 5 mg Cm-2 h-1 (t =- 3 days) to 28 mg Cm-2 h-1

after drainage (t = 0 days), with the highest fluxes

after 3 days of desiccation (30 mg C m-2 h-1). At

t = 6 days, fluxes exhibited a sharp drop to- 10 mg C

m-2 h-1, remained low with an average value of

0.03 mg C m-2 h-1 after 27 days of desiccation, and

were not detectable afterwards (Fig. 3).

During the simulated rainfall events following

desiccation periods of variable duration, we detected

fluxes only for CO2 but not for CH4. Overall, the

cumulative CO2 fluxes 24 h after rainfall decreased

with longer preceding desiccation. However, the

response to the different rainfall sizes varied depend-

ing on the desiccation time; differences appearing only

after 3 and 9 weeks (interaction term time x rainfall:

P\ 0.05, Holm�s post hoc test, P\ 0.05) (Fig. 4a).

Furthermore, the trajectories of CO2 fluxes examined

over 24 h varied differently in response to the applied

rainfall pulses, yet such responses were not equal after

3 and 9 weeks (Fig. 4b,c). After 3 weeks, while the
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CO2 fluxes in the dry microcosms (i.e. 0 mm) hardly

changed over 24 h, the 4-mm and 21-mm rainfall

treatments induced considerable dynamics, yet with

contrasting patterns (Fig. 4b). For example, an instan-

taneous (t = 0) peak in the average flux of 157 mg C

m-2 h-1 was found after 4 mm rainfall when

compared with the flux before (20 mg C m-2 h-1 at

t =- 3) (Fig. 4b). Conversely, the 21-mm rainfall first

caused an instantaneous drop in CO2 flux (19 mg C

m-2 h-1) to levels below those in dry conditions (i.e.,

0 mm: 81 mg C m-2 h-1), but then followed with a

peak value of 274 mg Cm-2 h-1 after 2 h. After 24 h,

CO2 fluxes slightly increased under the 4-mm rainfall,

while a drop was detected under the 21-mm rainfall

(Fig. 4b). After 9 weeks of desiccation, rainfall also

induced dynamics of CO2 fluxes; yet, patterns were

more similar between the two rainfall sizes and fluxes

in the dry microcosms (i.e. 0 mm) were generally

lower (Fig. 4c).

Organic C and N in surface water and sediments

By considering the water volume moving through

microcosms, the mean amount (± SD) of DOC and

DON of surface water in the microcosms at the start of

the experiment were 0.5 ± 0.02 mg C and

0.03 ± 0.01 mg N L-1, respectively. Amounts were

higher in the drained water, especially for DOC, with

an average of 1 ± 0.2 mg Cwhile the amount of DON

was 0.04 ± 0.01 mg N. The average initial sediment

OM%was 8.0%± 2.4 and 11.6%± 3.5 in surface and

deep sediments, respectively. The average OM% did

not show significant variation as desiccation pro-

gressed as well as between sediment layers (data not

shown).

In surface and deep sediments, concentrations of

WSOC after 3 and 9 weeks significantly differed from

initial conditions (Holm�s post hoc test, P\ 0.05,

Fig. 2 a Variation of water content (WC%) in the whole

microcosms and dissolved oxygen (DO) percentage in surface

and deep sediments of microcosms that kept dry over the entire

desiccation period (mean ± SE, n = 9). Mean WC% (± SE,

n = 3) calculated in surface (b) and deep (c) sediments over

desiccation time and after the different rainfall sizes (0, 4 and 21

mm). Asterisks (*) denote significant (P\ 0.05) differences of

dry treatments (i.e., dry ? 0 mm) after each desiccation period

with pre-desiccation conditions (0 weeks) after Holm’s post hoc

test for multiple comparisons. The dashed bar illustrates the wet

conditions of the pre-desiccation. The continuous line connects

values ofWC% in microcosms that received no rainfall (dry or 0

mm) for a better comparison

Fig. 3 Variation of mean (± SE, n = 9) fluxes of CO2 and CH4

from sediments before microcosms drainage (microcosms with

a overlaying water column) (t = - 3 days), immediately after

drainage (t = 0 days) and several times after drainage and

desiccation. The dashed bar illustrates the wet conditions of the

pre-desiccation
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Fig. 5a). For example, average WSOC in the micro-

cosms dropped more than half during the first 3 weeks,

from 0.93 to 0.36 mg C g-1 DM in surface and from

0.86 to 0.33 mg C g-1 DM in deep layers, respectively

(Fig. 5a). In the case ofWSON, significant differences

with respect to initial conditions were found for all

desiccation periods (Holm�s post hoc test, P\ 0.05,

Fig. 5b). No significant differences between sediment

layers were detected for both variables. In parallel,

SUVA254, tended to increase over desiccation time in

both surface and deep sediments (Fig. 5c), yet we only

found significant differences after 3 and 9 weeks when

compared with initial conditions (Holm�s post hoc

test, P\ 0.05, Fig. 5c). Again, no differences between

sediment layers were detected.

Before desiccation, the largest fraction ofWSOC in

surface and deep sediments was, respectively, in form

of HS (54 and 52%) followed by LMWS (37 and 36%)

and HMWS (9.4 and 12%). These relative differences

were maintained during the whole experiment

(Fig. 6a, b). There were no significant differences

between the two sediment layers for any fraction. The

only changes over desiccation were detected for

%HMWS in both sediment layers, which dropped

significantly after 3 and 6 weeks when compared with

pre-desiccation conditions (Holm�s post hoc test,

P\ 0.05), although an increasing trend after 9 weeks

of desiccation appeared (Fig. 6a, b).

The two analyzed high-molecular fractions for

WSON, HS and HMWS, varied similarly in both

sediment layers showing significant differences after

desiccation (Holm�s post hoc test, P\ 0.05) (Fig. 6c,

d). During the whole experiment, HS was the domi-

nant fraction of WSON. During initial conditions

%HS and%HMWSwere, respectively, 60 and 40% in

surface (Fig. 6c) and 43 and 57% in deep sediments

(Fig. 6d). Because of the contrasting temporal pat-

terns, these relative differences amplified as desicca-

tion progressed. Thus, after 9 weeks of desiccation,

%HMWS and %HS were, respectively, 22 and 78% in

surface (Fig. 6c) and 20 and 80% in deep sediments

(Fig. 6d).

Before desiccation, C:N molar ratios were about

4-times higher for HS than for HMWS in surface

(mean ± SD, 18 ± 2 and 4.3 ± 0.4, respectively)

and deep (16 ± 1 and 5 ± 1.5, respectively) layers

(Fig. 6e, f). Overall, in both sediment layers, ratios for

HMWS increased as desiccation progressed, showing

significant differences after 9 weeks (Holm�s post hoc

test, P\ 0.05). Such increase led HMWS to have

similar C:N to HS at the end of the experiment

(Fig. 6e, f).

Fig. 4 a Variation of mean

(± SE, n = 3) cumulative

fluxes of CO2 following

24 h in response to

desiccation (dry ? 0 mm)

and to variable rainfall size

(dry ? 4 and dry ? 21 mm)

after the different

desiccation weeks. Different

letters denote significant

differences between rainfall

treatments after Holm’s post

hoc test for multiple

comparisons. Variation of

mean (± SE, n = 3) fluxes

of CO2 before (t = -2 h),

immediately (t = 0 h) and

following rainfall events

(t = 2, 6 and 24 h) after 3

(b) and 9 (c) weeks of
desiccation
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Microbial community functions

During the whole experiment, the relative abundance

of summed aerobic functional groups was larger than

that from anaerobic groups both in surface and deep

sediment (Fig. 7a). Indeed, we found no significantly

different abundances of these functional groups

between sediment layers. When compared with initial

conditions (0 weeks) only a significant reduction was

found for anaerobic functions in both sediment layers

(Holm�s post hoc test, P\ 0.05, Fig. 7a).

When we focused on CH4-related functional

groups, i.e., aerobic methanotrophs and anaerobic

methanogens (Fig. 7b, c), we found that their average

relative abundance varied within the same range of

magnitude over the experiment. The relative abun-

dance of methanogens was stable over the experiment.

Only the abundance of methanotrophs in deep sedi-

ments seemed to show amarked increase after 3 weeks

of desiccation when compared with pre-desiccation

conditions (0 weeks). It was at this time when the

largest variation between sediment layers was also

observed, yet these results were not statistically

significant (interaction term time x sediment layer

P = 0.057) (Fig. 7b).

Discussion

This study underpins that the duration of desiccation, a

proxy of drying severity, is an important driver of

biogeochemical processing in intermittent streams. As

predicted, drying modulated microbial functions and

the evasion of CO2 and CH4 from streambed sedi-

ments to the atmosphere, both during progressing

desiccation as well as in later rainfall-induced evasion

peaks. Moreover, desiccation altered the quantity and

quality of water-soluble organic matter, with implica-

tions for biogenic gas production and downstream

organic matter transport upon rewetting.

Gaseous C fluxes in response to desiccation

In agreement with other studies (von Schiller et al.

2014; Gómez-Gener et al. 2015; 2016; Obrador et al.

2018), we found that CO2 fluxes to the atmosphere

boosted in response to desiccation both in laboratory

and field conditions. The CO2 flux we observed in situ

after 6 weeks of non-flow conditions (234 ± 21 mg C

m-2 h-1, Table 1) tended to be higher but overlapped

with estimates reported from a field survey at global

scale for other temperate streams under dry conditions

(89 ± 154 mg Cm-2 h-1, median = 50) (Keller et al.

2020). This finding supports the importance of con-

sidering drying aquatic ecosystems in global upscaling

and modeling studies on C cycle (Marcé et al. 2019).

Contrary to CO2, CH4 fluxes were low

(5.5 ± 9.6 mg C m-2 h-1) in our microcosms and

not detectable in situ, which agrees with previous work

reporting low CH4 emissions in exposed sediments of

inland waters, typically falling below 0.5 mg C

m-2 h-1 (Marcé et al. 2019).

As predicted, temporal progression of desiccation

impacted CO2 and CH4 fluxes to atmosphere. Fluxes

of both gases peaked during early desiccation and then

decreased. This pattern was especially quick for CH4.

Fig. 5 Variation of mean (± SE, n = 3) concentrations of

water-soluble organic carbon (WSOC) (a), water-soluble

organic nitrogen (WSON) (b), and specific UV absorbance

(SUVA254) (c) in surface and deep sediment leachates over

desiccation time. Asterisks (*) denote significant (P\ 0.05)

differences to pre-desiccation conditions (0 weeks) for both

sediment layers after Holm’s post hoc test for multiple

comparisons. The dashed bar illustrates the wet conditions of

the pre-desiccation
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Gaseous fluxes are influenced by multiple factors,

including physical forcing and microbial production

(Looman et al. 2017). Due to low gas diffusion, water

acts as a physical barrier curbing gas evasion from wet

sediments, its absence in dry streambeds in turn

enhances gaseous C emissions (Gallo et al. 2014;

Fig. 6 Variation of the percentage contribution of the different

fractions to the total water-soluble organic carbon (WSOC) and

nitrogen (WSON) and the C:N molar ratio of each fraction in

surface (a, c, e) and deep (b, d, f) sediment leachates,

respectively, over desiccation time. Asterisks (*) denote

significant (P\ 0.05) differences to pre-desiccation conditions

(0 weeks) after Holm’s post hoc test for multiple comparisons.

The dashed bar illustrates the wet conditions of the pre-

desiccation. HMWS = high molecular weight substances,

LMWS = low molecular weight substances and HS = humic

or humic-like substances. Values are means ± SE (n = 3)
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Gómez-Gener et al. 2015; 2016). This physical

mechanism may explain the rapid peak of CH4

observed 3 days after drying of microcosms. Later,

we observed low CH4 fluxes from sediments exposed

to air, likely due to lower production in increasingly

oxic sediment and oxidation of CH4 prior to evasion to

atmosphere (Koschorreck 2000; Wang et al. 2006; Jin

et al. 2016; Kosten et al. 2018). Unlike CH4, CO2

emissions progressively increased during the first 11

days of desiccation. Besides improved physical gas

exchange, oxygenation of exposed sediments favors

aerobic transformation processes (Gómez-Gener et al.

2015; von Schiller et al. 2017), microbial growth and

associated biogenic CO2 production (Fromin et al.

2010). Biogenic CO2 and CH4 dynamics are prone to

show opposite behavior due to different redox require-

ments of involved microorganisms (Marcé et al.

2019). Accordingly, we hypothesized contrasting

patterns in the relative abundance of putatively

anaerobic vs. aerobic microbial functional traits in

sediments as desiccation progressed. Over 9-weeks of

drying, relative abundance of aerobic microbial traits

did not vary, but anaerobic functional traits decreased.

The slight decrease in the relative abundance of

methanogens in deep sediments after 3 weeks of

desiccation is consistent with the low CH4 emissions

found over desiccation. Besides, this drop corre-

sponded with the significant increase of methan-

otrophs, which suggests oxygenation reached deep

sediments. In fact, we detected negative CH4 fluxes in

some microcosms within the first 27 d of desiccation,

which indicates that methanotrophy could be active in

this timeframe.

These results illustrate a microbial functional

response to drying, yet should be interpreted with

caution as they are based on functional trait estima-

tion, rather than direct detection of functional gene

expression. In addition, relative abundance data does

not capture microbial responses that lead to an overall

biomass increase, rather than changes in the relative

proportions of organisms.

The decrease of CO2 emission as sediment became

drier was also observable in cumulative fluxes during

24 h. These findings indicate that after 17 d of

Fig. 7 Variation in relative abundances (%) of 16 S rRNA

sequence tags from aerobic and anaerobic functional groups (a),
methanotrophs (b) and methanogens (c) identified by using

FAPROTAX in surface and deep layers over desiccation time.

Asterisks (*) denote significant (P\ 0.05) differences to pre-

desiccation conditions (0 weeks) after Holm’s post hoc test for

multiple comparisons for both sediment layers. The dashed bar

illustrates the wet conditions of the pre-desiccation. Values are

means ± SE (n = 3)
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desiccation, sediment water becomes a limiting factor

for microbial activity, probably through the direct

impact on the survival of microbial communities

(Amalfitano et al. 2008) and by limiting resource

supply in a dry matrix (Schimel 2018). This plausible

loss of activity did not translate into substantial

changes in the relative abundance of aerobic microbial

groups, which remained constant during the experi-

ment. Finding synchronisms between microbial com-

munity and activity patterns is not easy (Prosser 2012).

We must note that we are examining relative abun-

dances of microbial traits (instead of absolute ones),

and DNA-based community analysis may in addition

suffer from the persistence of DNAmaterial from dead

and therefore inactive members of the community.

Furthermore, the persistence of extracellular enzy-

matic activity during severe desiccation (Zoppini and

Marxsen 2011; Pohlon et al. 2018) has been proposed

to contribute to CO2 emissions in dry riverbed

sediments at certain levels (Gómez-Gener et al. 2016).

We acknowledge that methods targeting microbial

gene expression, such as metatranscriptomics, would

have revealed possibly more substantial functional

shifts in the microbial community as RNA can be less

persistent in the environment than DNA and proteins

(Lanzén et al. 2011). In addition, the functional trait

estimation used here cannot detect and resolve the

effect of facultative anaerobes, which may perform

anaerobic processes during anoxia and aerobic pro-

cesses during oxic conditions.

Gaseous C fluxes in response to rainfall

It is well known that transitions from dry to wet

conditions can give rise to hot moments with accel-

erated C and nutrient cycling (McClain et al. 2003;

Pinto et al. 2020). In our experiment, sudden water

availability by punctuated rainfall had a rapid positive

effect on CO2 fluxes to the atmosphere. The recently

formulated Ecosystem Control Points concept (Bern-

hardt et al. 2017) suggests places and moments of

disproportionate biogeochemical relevance. Early

studies have demonstrated that rewetting events

represent such Ecosystem Control Points for respira-

tion and CO2 emissions from intermittent streams (von

Schiller et al. 2019), equivalent to the ‘‘Birch effect’’

described in soils. However, as observed in our

experiment, anaerobic pathways producing CH4 emis-

sions may not recover rapidly upon rewetting after a

severe desiccation (Conrad et al. 2014). Enhanced

CO2 fluxes upon water pulse support the importance of

WSOC stocks, as a proxy of sediment organic matter,

to fuel respiration processes once sediment humidity is

no longer limiting microbial activity in water-stressed

ecosystems (Sponseller 2007). Yet, as expected, our

results demonstrate that the duration of the precedent

desiccation period has implications for rewetting-

induced CO2 fluxes, as previously observed in soils

(Fierer and Schimel 2002) or temporary ponds

(Fromin et al. 2010). The magnitude of the response

to rewetting decreased with the duration of the

preceding desiccation period, highlighting a legacy

impact of water stress on microbial communities

(Schimel et al. 2017; Schimel 2018).

Water pulses do not always drive positive net CO2

fluxes, and when they occur, biogenic but also

physical sources can be involved. For instance, Gallo

et al. (2014) found large fluxes of CO2 in response to

substantial increases in sediment water content (* to

Table 1 Mean (SE) values, n = 3, of variables studied after 6

weeks of desiccation in the study stream under in situ

conditions

Variable (units) Sediment layer

Surface Deep

WC (%) 56 (4) 42 (5)

OM (%) 29 (6) 12 (2)

WSOC (mg C g-1 DM) 0.18 (0.05) 0.05 (0.01)

HMWS (%) 9.4 (0.6) 12 (1)

LMWS (%) 59 (2) 53 (2)

HS (%) 31 (1) 34 (2)

WSON (mg N g-1 DM) 0.014 (0.01) 0.004 (0.001)

HMWS (%) 30 (12) 28 (5)

HS (%) 70 (12) 71 (5)

Molar C:N ratio HMWS 9.4 (2.5) 13.7 (0.7)

Molar C:N ratio HS 10 (3.4) 15 (4)

SUVA254 (L mg C-1 m-1) 2.3 (0.1) 2.4 (0.3)

Flux of CO2 (mg C m-2 h-1) 234.52 (21)

Flux of CH4 (mg C m-2 h-1) nd

WC water content, OM organic matter, WSOC water soluble

organic carbon, WSON water soluble organic nitrogen,

HMWS high molecular weight substances, LMWS low

molecular weight substances, HS humic substances.

SUVA254 spectroscopic index indicative of aromaticity of

organic matter, nd no detected
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50%) by rainfalls in extremely dry (* 0% sediment

moisture) ephemeral streams of Arizona, USA. They

proposed that the increased CO2 fluxes immediately

after rainfall (t = 0 h), between 6 and 30 times larger

than pre-rainfall, could result from a rapid increase in

microbial activity, but especially from a physical

displacement immediately after rainfall impact. On

the contrary, CO2 may also dissolve in additional

interstitial sediment water after rainfall and thus

experience dilution in the gas space, which could

buffer transitory CO2 exchange to the atmosphere

(Looman et al. 2017; Arce et al. 2018). Thus, rewetting

effects may likely result from a combination of

mechanisms representing sinks and sources, whose

relative importance ultimately translate into higher or

lower CO2 net fluxes to the atmosphere. After 3 weeks

of desiccation, the reduced flux found in our exper-

iment upon the 21-mm rainfall could be attributed to

CO2 dissolution into interstitial sediment water. On

the contrary, 2 h after, the substantial flux detected

could be indicative of active microbial contribution,

including the production of extracellular enzymes

(Zoppini and Marxsen 2011; Pohlon et al. 2018).

Indeed, narrow peaks of CO2 upon rewetting have

been attributed to resuscitation strategies of some

microbial groups that become activated within hours

of water arrival (Placella et al. 2012). As initially

expected, after 9 weeks, when desiccation was more

severe, rainfalls of 4 and 21 mm appeared insufficient

to enhance biogenic gaseous C emissions. In fact, the

unique substantial pulse seen after the 21-mm rainfall

immediately after water addition was presumably the

consequence of dislocation of accumulated gas from

already dry and increasingly less active sediments

(Gallo et al. 2014) rather than a rapid microbial

activation.

Implications of desiccation for leaching

of sediment organic matter

Understanding how desiccation affects the dynamics

of organic matter is critical in streams with organic

matter-rich sediments since excess, unprocessed C can

affect downstream perennial reaches, reservoirs and

coastal areas (Datry et al. 2016). The study stream

exhibited high DOC concentration in surface water

and exfiltrates of incubated sediments before desicca-

tion, indicative of the high organic matter content of

the ecosystem. Alongside the gaseous C fluxes,

desiccation also drove changes in the quantity and

quality of WSOC. The notable reduction in the

quantity of WSOC after 3 weeks to levels 2.5 times

lower than pre-desiccation supports the role of micro-

bial respiration in using the WSOC stored in

streambed sediments (Schimel 2018) when alternative

C sources like stream water are not available during

non-flow periods. Thus, biogenic CO2 and CH4 fluxes

observed during the first days of desiccation can

translate to substantial sediment organic C mineral-

ization. While rapid anaerobic decomposition of

organic C could occur at early stages, including

methanogenesis, aerobic respiration maintained dur-

ing desiccation for prolonged time could additionally

contribute to the decline of WSOC in dry sediments

after 3 weeks. Enhanced respiration of sediment

organic C associated with desiccation was also

supported by the WSON results. The reduction of

WSON (both in surface and deep sediments) as

desiccation progressed indicates enhanced N miner-

alization pathways associated to the increase in O2, as

recently outlined for dry riverbeds (Arce et al.

2018, 2019).

After 3 weeks of desiccation, the progressively

decreasing C respiration led to relatively

stable WSOC. A moderate increase of WSOC and

WSON was detected after 6 weeks followed by a

modest drop after 9 weeks. Certain imbalances in the

relative importance of mechanisms acting as sink or

source of the organic C sediment pool over prolonged

desiccation could explain such fluctuations. There is

evidence that drying-rewetting phenomena may drive

the release of organic substrates from microbes

through osmolysis (Fellman et al. 2011; Vázquez

et al. 2011; Ylla et al. 2011). In combination with slow

microbial activity, this would explain the increase in

WSOC (and WSON) after 6 weeks. Conversely, the

subsequent drop in WSOC after 9 weeks of desicca-

tion could be associated to the fact that resistant

microbes can quickly use this labile C fraction. The

persistence of functional extracellular enzymes in

desiccated sediments (Zoppini and Marxen 2011) may

also have implications on WSOC quantity either by

reducing concentrations through C mineralization

(and CO2 production) or by contributing to the organic

C pool themselves.
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Changes of organic matter quality provide evidence

of the proposed mechanisms behind changes in

WSOC. For instance, the contrasting developments

of SUVA254 and WSOC over desiccation time

revealed that organic matter in leachates became more

aromatic at lower concentrations. This suggests

microbial metabolism of labile compounds leading

to accumulation of more recalcitrant, aromatic WSOC

and WSON. Conversely, microbial contributions to

the WSOC and WSON pool, presumably due to

cellular lysis coupled to drying-rewetting, led to lower

SUVA254 values (Mavi and Marschner 2012). Insights

that are more detailed are provided by size exclusion

chromatography results, which identified dynamics of

various organic matter fractions over desiccation time.

While proportions of HS and LMWS appeared almost

steady over desiccation, the proportion of HMWS in

WSOC showed a drop that was significant after 6

weeks but further increased after 9 weeks. In parallel, a

consistent decay was observed for WSON in this

fraction. This finding confirms previous research in

intermittent streams, where this fraction was found to

be largely reactive in water (von Schiller et al. 2015;

Catalán et al. 2017). The large HMWS fraction is

mainly composed of biopolymers, but supramolecular

assemblies formed by several individual compounds

or dissolved organic matter bonded through weak

forces may also contribute to this fraction (Piccolo

et al. 2002; Kellerman 2015). The activity of exoen-

zymes (Zoppini and Marxen 2011) may particularly

mediate biopolymer cleavage and loss of this organic

matter fraction (Sinsabaugh and FollstadShah 2012).

HMWS also exhibited a low C:N molar ratio, indica-

tive of abundant nitrogen-containing proteins or

amino sugars (Huber et al. 2011) and suggesting

higher reactivity (von Schiller et al. 2015). Indeed, the

observed progressively increasing C:N of HMWSmay

result from either a decrease in N (while C does not

substantially vary) or otherwise, a supply of C (while

N does not substantially vary). The proposed progres-

sive cycles of microbial processing, including exoen-

zyme activity, and release of cellular compounds

associated to water stress over desiccation, would

explain such a trend of increasing C:N ratio for

HMWS. Together, the increased C:N ratio and the

decline of HMWS strongly suggest preferential pro-

tein depolymerization (Reuter et al. 2020).

Comparison of experimental and field results

In-situ CO2 fluxes after 6 weeks of non-flow period

(234 ± 21 mg C m-2 h-1, Table 1) were 3 times

higher than measured in microcosms at comparable

duration of desiccation (75 ± 16 mg Cm-2 h-1). The

high sediment humidity measured in the field at that

time (WC% = 56 and 42% in surface and deep

sediments, respectively, Table 1) probably favored

microbial respiration and CO2 production. In fact,

microbial activity in dry streambeds may be main-

tained thanks to sporadic rainfalls, dew formation and

the groundwater table buffering surface water loss

(Harjung et al. 2019b; Gionchetta et al. 2019). Yet,

anaerobic pathways (like CH4 production) are deac-

tivated due to desiccation (Conrad et al. 2014), and

although rainfall brings back inundated habitats in

streambeds, the required low redox potential needed

for methanogenic activity may require time to

develop. Furthermore, unlike in our microcosms,

terrestrial or airborne microbes may quickly colonize

dry streambeds and compensate the loss of aquatic

microbial diversity and activity caused by desiccation

(Romanı́ et al. 2017).

Results from our in-situ assessment also suggest

that as desiccation advances in time, there are

substantial shifts in the quantity and quality of

sediment C caused by sequential mineralization and

release that comprise, respectively, a sink and a source

of C stored in sediments. Nonetheless, we must

consider that under natural conditions, accumulation

of in-stream organic stocks (e.g. macrophytes, algae)

and external inputs of leaf litter (Datry et al. 2018) can

shape the quantity of C in streambed sediments. Such

input explains that the OM% in the surface sediment of

the stream after 6 weeks of natural desiccation

(mean = 29%) was clearly higher than that observed

in the microcosms (8%) (Table 1). Consequently,

WSOC in surface sediments was also larger in situ

(0.18 mg C g -1 DM, Table 1) than in the micro-

cosms at that time (0.07 mg C g -1 DM).

Changes in C quality were also detected in the field

after 6 weeks in comparison with the microcosms.

While in microcosms the dominant WSOC fractions

were HS, LMWS and HMWS respectively, LMWS

was the dominant fraction in the field (Table 1),

showing shifts in the bulk composition of WSOC

towards a higher proportion of non-humic substances

such as low molecular weight alcohols, aldehydes,
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ketones, sugars and amino acids (Huber et al. 2011).

SUVA254 showed values comparable to 6 weeks of

experimental microcosms; yet, without reference

values in the field before desiccation we cannot

accurately evaluate the contribution of microbial

processes to WSOC (and WSON) concentrations and

composition. There is strong evidence of the impor-

tance of photodegradation during dry periods in

intermittent streams (Dieter et al. 2013), which seems

to enhance the decomposability of leaf litter (Datry

et al. 2018; del Campo et al. 2021). Thus, this process,

which did not happen in our experiment, may impose

key changes in quality of C over desiccation beyond

those we observed. Likewise, macroinvertebrates and

terrestrial fungal decomposers on particulate organic

matter may affect WSOC levels in the long run

(Romanı́ et al. 2017). Yet, drying tends to reduce

presence of macroinvertebrates (Schlief and Mutz

2009) and inhibit lignocellulolytic activity (Mora-

Gómez et al. 2016). Thus, within a relatively short

desiccation period, most changes in sediment organic

matter rely on the WSOC fraction, with aquatic

microbial communities still exhibiting C processing

capacities.

Finally, we must note that differences between our

field and laboratory results may also be at least

partially due to the disturbance of the physical

structure of the sediments used in the laboratory

experiment during sampling.

Conclusions

Desiccation in intermittent streams boosts emissions

of CH4 and mainly CO2 in the short term by favoring

both physical evasion and aerobic mineralization. As

drying progresses, these gaseous C fluxes decrease due

to increasingly oxic conditions and water limitation.

Rewetting in dry riverbeds does not always directly

lead to flow recovery. Especially in temperate cli-

mates, a non-flow period can be frequently interrupted

by sporadic rainfalls that can similarly trigger C

cycling as described by the Birch effect in soils. Thus,

rainfalls can rapidly trigger CO2 emissions fueled by

WSOC from sediments and temporarily revert the

desiccation impacts on biogenic CO2 production. The

enhanced mineralization coupled to desiccation con-

sequently shapes the role of sediments as a source and

sink of organic Cwith a net tendency towards reducing

in-stream organic loads as we found by the general

drop in WSOC.

In intermittent streams, concentrations of the

released substances may exceed baseflow values by

several orders of magnitude and can thus substantially

contribute to annual fluxes (Skoulikidis and Amaxidis

2009; Corti and Datry 2012; Bernal et al. 2013). We

showed that desiccation can alter the quantity and

quality of water-soluble organic matter, with impor-

tant consequences for the organic matter released to

the stream water upon rewetting. In the crucial

moment of flow reestablishment (the so-called ‘‘first

flush event’’), material accumulated on the dry

streambed is mobilized (Obermann et al. 2009; Corti

and Datry 2012), and its reactivity may depend on the

precedent preconditioning during the desiccation

phase. Desiccation not only brings a cessation of

stream water but also opens the door to other

environmental drivers to operate within the dry

streambed with more intensity than during flowing

conditions. Processes such as photodegradation, ter-

restrial inputs of micro- and macro-biota to streambed

as well as organic matter accumulation amplify with

the lack of surface water, and their opportunity to

impact C budgets will be clearly favored under long

non-flow periods.

Collectively, our results support intermittent stream

reaches as Ecosystem Control Points for C cycling

within the stream network, with the duration of the dry

phase exerting a strong control on this role. Further

research that considers all mechanisms that operate

in situ as desiccation progresses in time will surely

complement our findings and improve our understand-

ing of the biogeochemistry of intermittent streams.
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