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Abstract
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rewetting period. Distinct response patterns of biofilm metabolism were observed based on flow conditions. Specifically, biofilms
were completely desiccated after 10 days of drying. Biofilm ecosystem metabolism, represented by the ratio of gross primary
production (GPP) and community respiration (CR), was significantly inhibited during desiccation and gradually recovered
back to autotrophic after rewetting due to the high resilience of GPP. Also, the potential metabolic activities of biofilms were
maintained during desiccation and showed a tendency to recover after rewetting. While long-term desiccation caused irrepara-
ble damage to the total carbon metabolism of biofilms that could not be recovered to the control level even after 20 days of
rewetting. Moreover, the metabolic activities of amine and amino acids showed an inconsistent pattern of recovery with total
carbon metabolism, indicating the development of selective carbon metabolism. This research provides direct evidence that the
increased non-flow periods affects biofilm-mediated carbon biogeochemical processes, which should be taken into consideration

for the decision-making of the ecological and environmental flow of IRES.
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Key Points:

e Distinct dynamic responses of biofilm metabolism were observed from short-term and
long-term desiccation treatments to the flow rewetting.

e Most of the functional index of biofilms in short-term desiccation were recovered to that
of the control level after 20 days of rewetting.

e Prolonged desiccation led to irreparable damage to biofilm metabolic functions and the
selectivity of carbon metabolism after rewetting.
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Abstract

Global change has led to the increased duration and frequency of droughts and may affect
the microbial-mediated biochemical processes of intermittent rivers and ephemeral streams
(IRES). Effects of flow desiccation on the physical structure and community structure of benthic
biofilms of IRES have been addressed, however the dynamic responses of biofilm functions
related to ecosystem processes during the dry-wet transition remain poorly understood. Herein,
dynamic changes in biofilm metabolic activities were investigated during short-term (25-day)
and long-term (90-day) desiccation, both followed by a 20-day rewetting period. Distinct
response patterns of biofilm metabolism were observed based on flow conditions. Specifically,
biofilms were completely desiccated after 10 days of drying. Biofilm ecosystem metabolism,
represented by the ratio of gross primary production (GPP) and community respiration (CR), was
significantly inhibited during desiccation and gradually recovered back to autotrophic after
rewetting due to the high resilience of GPP. Also, the potential metabolic activities of biofilms
were maintained during desiccation and showed a tendency to recover after rewetting. While
long-term desiccation caused irreparable damage to the total carbon metabolism of biofilms that
could not be recovered to the control level even after 20 days of rewetting. Moreover, the
metabolic activities of amine and amino acids showed an inconsistent pattern of recovery with
total carbon metabolism, indicating the development of selective carbon metabolism. This
research provides direct evidence that the increased non-flow periods affects biofilm-mediated
carbon biogeochemical processes, which should be taken into consideration for the decision-
making of the ecological and environmental flow of IRES.

Keywords: Biofilm; intermittent rivers and ephemeral streams; microbial functions; dynamic
responses; carbon metabolism

1 Introduction

Global climate variabilities and human activities have led to the increasing intermittency
of numerous streams and rivers (Acufa et al., 2014 , Messager et al., 2021). Intermittent rivers
and ephemeral streams (IRES) are characterized by the alternation of desiccation and rewetting
hydrological phases, contributing to the biodiversity and biogeochemical processes (Lv et al.,
2017), and functional integrity of fluvial systems (Shumilova et al., 2019, Messager et al., 2021).
However, the increasing flow intermittency has lead to a harsh environment for the aquatic
organisms, especially the microbial communities, and influences the ecosystem processes
ongoing in the IRES (Navarro-Ortega et al., 2015). for instance, benthic biofilms serve as an
ecological indicator for coupling the structure and function of the river ecosystem and play a key
driving role in the primary production, nutrient circulation, and energy flow of the river system
(Sunetal., 2021, Fan et al., 2021). However, unpredictable desiccation may affect the
community structure and function of biofilm, which in turn influence the ecosystem processes of
the IRES ecosystem (Bogan et al., 2017, Zlatanovi¢ et al., 2018).

Previous studies have demonstrated that the duration, frequency, and severity of the
dehydration could affect the physicochemical properties, community composition, and activities
of enzymes in biofilms of aquatic system (Sabater et al., 2016 , Shumilova et al., 2019). For
example, the alternation of desiccation and rewetting hydrological phases has the greatest
influence on the algal community, followed by bacterial, and the least influence on the fungal
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community in biofilms(Gionchetta et al., 2019). The increasing desiccation periods are reported
to extend the ecological niche, and significantly increase the g-diversity of biofilm communities
(Feng et al., 2020), while the a-diversity (species richness) decreased significantly in most
biofilm communities(Sabater et al., 2016 , Zlatanovi¢ et al., 2018). Also, the combination of the
temporal components and the severity of the desiccation affected the microbial function of
biofilm(Colls et al., 2019), leading to a reduction of extracellular enzymes(Timoner et al., 2012 ,
Colls et al., 2019), and promoting biofilm to be more heterotrophy(Acuf® et al., 2015).
Moreover, several recent studies have shown that the increasing desiccation period and intensity
affect the recovery of microbial community structure(Pohlon et al., 2018) and the ecosystem
metabolism, the ratio of gross primary production (GPP) and community respiration (CR), of
biofilms(Acur® et al., 2015). Due to the importance in ecosystem processes of biofilm functions,
recovery of biofilm microbial functions following desiccation should be further considered.

However, most previous studies investigated the recovery of the community structure and
integrated functions of biofilms after a predetermined experimental cycle, little is known about
the dynamic responses of biofilm metabolic activities over time under such conditions. Due to
the intrinsic resistance and physiological recovery of biofilm under disturbance (Steven et al.,
2021), the question here is whether the microbial function of biofilms can be maintained during
the desiccation and then can be recovered to original state after flow rewetting. If so, how long
does biofilms take for the function to achieve stability, and this question is related to that
whether the setting of the recovery period of biofilms after desiccation in previous studies is
reasonable (5-10 days; (Fabian et al., 2018 , Gionchetta et al., 2019 , Shumilova et al., 2019)).
More importantly, the ecological indicators, such as GPP, CR, and autotrophic index (Al) used in
previous studies can only reflect the integrated functions of biofilms, more detailed indicators
(for example, carbon metabolism determined by Biology Eco) should be applied to explore the
dynamic responses of biofilm metabolic activities to dry and wet stress in IRES systems.

In this study, we aimed to identify the effects of the duration of non-flow periods on the
dynamic responses of biofilm microbial functions during the alternation of desiccation and
rewetting conditions through indoor simulation experiments. Two desiccation periods (short-
term (25-day) and long-term (90-day) of biofilms were performed and both followed by a 20-day
rewetting period. During the whole experimental period, indicators of biofilm integrated
functions were identified, including Al and ecosystem metabolism (represented by GPP and CR
ratio). In addition, Biolog eco was used to provide more detailed information about biofilm
carbon metabolisms, such as specific activities of carbon sources and functional diversity. We
hypothesized that the response patterns of the integrated indicators (Al and ecosystem
metabolism) and carbon metabolism may be different after longer desiccation, changes of
different metabolic activities may be consistent in desiccation (i); the recovery rate of biofilm
functions in the rewetting period after long-term desiccation should be lower than that after
short-term desiccation (ii); and the metabolic activity of biofilm could be restored by rewetting
after short-term desiccation, but not after long-term desiccation(iii).

2 Materials and Methods

2.1 Biofilm inoculation

The biofilm inoculation experiment was designed according to our previous study (Miao
et al., 2020). The cultivation device for the sample was located at the Qin Huai River in Nanjing,



116
117
118
119
120
121

122

123
124
125
126
127

128
129
130
131
132
133

134
135
136
137
138
139
140
141
142
143
144
145
146
147
148

manuscript submitted to #ater Resource Research

Eastern China. All incubation devices were secured to a depth of 50 cm to recieve the same light
output and intensity. Each device was cultured for 44 days (from 30 October 2020 to 7
December 2020) to obtain mature biofilm (Wu et al., 2014 , Battin et al., 2016). Water quality in
the Qin Huai River was measured over the culture period (Table S1). The experimental devices
with all cobblestones and river water in the cultivation station were taken to the lab for further
experiment.

2. 2 Laboratory experiment design

Flowing artificial water tanks (160 cm long, 20 cm wide, and 30 cm high) were designed
for indoor adaptation of mature biofilms in a greenhouse at 1842 <C with natural light. The tanks
were equipped with a pump to modify the water conditions (Figure S1). The flow rate in our
culturing device was kept at 0.014 m/s controlled by a pump (BT100-1L, China) to create
favorable conditions for biofilm adaptation (Liao et al., 2018).

In the laboratory experiment, 5ml/L nutrient solution/water (Table S2) was added weekly
to the water tank for the adaptation of biofilms(Hou et al., 2019). After 2 weeks of adaptations,
all cobblestones with biofilm were distributed in three parts. One-third of the cobblestones were
kept in the tank with water as a control group, and one-third of the cobblestones were transferred
to another tank for 25 days of desiccation and subsequent rewetting; as well the rest of the third
was transferred to another tank for 90 days of desiccation and subsequent rewetting.

The selected duration of the non-flow periods fall within the range for the non-flow
period reported for other IRES and artificial streams (20~100 days) (Fazi et al., 2013) (Acufa et
al., 2015). Herein, 25 days of desiccation with 20 days of rewetting (expressed as 25-Rewetting)
and desiccation for 90 days with 20 days of rewetting (expressed as 90-Rewetting) were
conducted in the alternation of desiccation and rewetting experiments (Figure 1). Before
desiccation, surface and free pore water were drained from the experimental tanks following the
precudures in previous study (Zlatanovi¢ et al., 2018). After drying, the re-equipment of the
biofilm was carried out by ascending reconstruction of small flows, avoiding destroy the biofilm
on the surface of the cobblestones. Then, the water column was filled to the control level using
the pump (Zlatanovi¢ et al., 2018). Samples were taken between the control group and the
experimental group on days 0, 1, 3, 5, 7, 10, 25, and 90 of the non-flow periods, and in the
experimental group on days 1, 3, 5, 7, 10, and 20 of the rewetting periods to measure various
indicator variables (Table S3). At each sampling time, the pump was stopped, and a sterile brush
and tweezers were used to collect the biofilms from the cobblestone surfaces (Liao et al., 2018,
Liao et al., 2019).

Indoor adaptation B o

\“ Non-flow

Desiccation

Desiccation -

Figure 1. The alternation of desiccation and rewetting experiment time axis.
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2.3 The biomass and morphology of biofilm

The biomass of biofilms, represented by ash-free dry weight (AFDW) was measured per
given area (30cm?, 10-15 cobblestones). Biofilm samples were dried at 105 °C for 24 hrs and
then calcined at 450 °C for 4 hrs to estimate AFDW (Timoner et al., 2012).

Biofilm sample morphology was observed using an ESEM (QUANTAZ200, FEI
Company, The Netherlands) at various hydrologic stages(Yurudu, 2012). The biofilms on
cobblestones were attached to the sampling table with conductive adhesive, then placed in the
electron microscope sampling room and vacuumed and photographed in selected positions.

2.4 Characterization of the indicators of integrated function

This study identified indicators for the integrated function of biofilms, including GPP,
CR, and Al.

The Al is defined as the ratio AFDW/chl-a, which can reflect the shifts in dominance of
functional groups (i.e., AI>200 indicates a high proportion of heterotrophic) (Delgado et al.,
2017). The chlorophyll content of biofilm was determined with a portable pulse amplitude-
modulated fluorometer (PGYTO-PAM; WALZ, Effeltrich, Germany) (Hou et al., 2019,
Schreiber et al., 2002).

Ecosystem metabolism governs the fixation and mineralization of organic carbon (C) in
streams and is quantitatively expressed by the GPP: CR ratio (Schreiber et al., 2002). We
followed the approach from previous studies (Acufa et al., 2008) to estimate the biofilm
metabolism from the drop and rise in dissolved oxygen concentration, which was widely used in
ecosystem metabolism studies in rivers and streams (GAnez-Gener et al., 2016 , Bott et al.,
1997). We used square recirculating chambers (24cm long, 19cm wide, 18cm high) to estimate
biofilm oxygen production and consumption(Bott et al., 1997). The chambers were equipped
with a submersible pump that recirculated water, avoiding the generation of low diffusion areas
within the chamber. The CR and GPP were measured for 120 minutes in constant dark and
brightness conditions, respectively. Dissolved oxygen was recorded at 10-min intervals with
oxygen sensors (miniDO2T Logger, PME, USA) (Liu et al., 2020, Adyel et al., 2017). Metabolic
rates were calculated as described by ACUNA and others(Acufa et al., 2008 , Zlatanovi¢ et al.,
2018). The GPP and CR were calculated as Eq. (1-2).

CR = (dCtre;l;ment)night " (%) (1)
GPP = (dCfre;ttment)day " (%) )

where Cireatment IS 0Xygen (mg/L), t is time(h), night and day represent the dissolved O
concentration data set used in the dark treatment and light treatment conditions (the measurement
time is 120 min), Vwater is the total water volume (L) in the metabolism chamber, and Aseq is the
measuring bed surface(m?) (Zlatanovi¢ et al., 2018).

Based on the measurement of CR and GPP, the resistance and resilience of biofilms
during the experimental period were also calculated (Acufa et al., 2015). Resistance served as an
indicator of the capacity of stabilization and was calculated as the % decline in the variable
experienced between the last measurement before a disturbance and the first measurement after
the condition was restored. The resilience of biofilm was determined as the slope of the linear
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functions of the relationship between each of the response variables and the time when flow
resume.

2.5 Carbon metabolism of biofilms

Biofilm samples from different hydrological stages were collected to determine their
carbon metabolic activities using Biolog Eco Plates (Biolog Inc., Hayward, CA, USA) (Zak et
al., 1994). The experimental methods are detailed in our previous study and given in the
Supplementary Information (Miao et al., 2021).

Based on the measured AWCD of Biolog Eco plate when biofilm metabolism is stable
(120h), the carbon metabolic functional diversity of biofilms were determined and represented
by three indices, Shannon-Wiener diversity index (H"), Simpson diversity index (D), and Pielou
evenness index (E) (Ge et al., 2018 , Miao et al., 2019), and the formulas are presented in
Supplementary Information. At the same time, NMDS analysis was carried out based on
different measured values of 31 carbon sources when they reached metabolic stability (120h) in
each experimental cycle (Control, Desiccation, 25-Rewetting, and 90-Rewetting). The analytical
methodology can be found in the Statistical Analysis section.

2.6 Statistical analysis

All biochemical analyses of the biofilm samples during the desiccation and rewetting
were performed in triplicate, and the values are presented as the mean = standard deviation. A
further one-way ANOVA with ecological variables (AWCD or GPP and so on) was used to test
for significant differences. T-TEST analyzed the results of the control group and the desiccation
group. Graphs were plotted using Origin (Version 2018, Northampton, MA, USA).

Based on Bray-Curtis dissimilarities, NMDS analysis were used to study differences in
microbial functional composition in different treatments (Fasching et al., 2020). Then, an
ANOVA (permutational multivariate analysis of variance (PERMANOVA) was completed using
the Adonis function in the R Vegan package; (Oksanen et al., 2012). An analysis of carbon
metabolic diversity data was performed using the statistical environment R (R Core Team 2017)
and the packages ggpolt2, ggsignif, and ggpubr(Wickham, 2009, Ahlmann-Eltze, 2019,
Kassambara, 2020).

3 Results

3.1 The water content and micromorphology of biofilms

During the alternation of desiccation and rewetting experiments, the water content of
biofilm was shown in Figure S2. After the desiccation started, the water content of biofilm
decreased quickly and was completely dehydrated 10 days later. When rewetting begins, the
water content of biofilm was rapidly resumed within the first two days, and reached the control
level after 10 days of recovery (t-test, P>0.05), regardless of the duration of non-flow periods (25
days and 90 days).

The changes in morphology and structure of biofilm were introduced (Figure 2). The
micromorphological heterogeneity of biofilm is shown in the images of different map points.
With the increase of desiccant content, the phenomenon of disintegration of 3D structure and the
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structural fragmentation of biofilm increases gradually (Figure 2a-e), leading to reduced the
material transport channels of biofilm. As the rewetting begins, the fragmentation was gradually
restored and the 3D structure of biofilms appears to be recovered (Figure 2f-k).

vac mode.

HVY | mag | WD | det I
2000 kV/3000x|15.0 mm| LFD | Low vacuum

- HV [ mag | WD m‘vacm ———————40pm
2000 kv|3000x/15.2 mm| LFD | Low vacuum QUANTA200

Figure 2. ESEM of biofilm during alternation of desiccation and rewetting. Each image is a detailed
image in the red box at the top right. DO is day 0 of desiccation and RO is day 0 of rewetting.

HY ‘maﬂ WD | det | va I 40 pm HY lm‘g‘ WD ‘de’!l Vac mode | ———40 ym-
2000 kv13 000 x/16.2 mm| LFD | Low vacuum QUANTA200 20,00 kv|3000x|15.3 mm| LFD | Low vacuum | GUANT;

3.2 Biomass of biofilm

The AFDW of biofilm decreased rapidly with desiccation time and remained at the range
of 0.986 and 1.433 mgcm™ after 7 days of desiccation, significantly different from that of control
(t-test, p=0.000169; Figure S3a). The AFDW of biofilm recovered rapidly during rewetting and
stabilized after 5 days (Figure S3b,c). While, the AFDW of biofilm can be restored to the control
level for the 25-Rewetting group (Figure S3b), not for the 90-Rewetting group (Figure S3c).

With desiccation, chl-a concentration also decreased, and after 7 days, when the biofilm
was completely dehydrated, it tended to be close to 0 mg/cm? (Figure S3d). Then, as the
rewetting progressed, chl-a concentration was restored to 0.06 mg/cm? (close to the initial level,
t-test, p>0.05) after 10 days (Figure S3e,f). In addition, chl-a content of the biofilm could reach a
control level on the seventh day after longer desiccation but did not reach stability during the 20-
day rewetting period.
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3.3 Changes of the integrated function of biofilms

During desiccation, the value of Al increased with the duration of time, exceeding 200
after 7 days (Figure 3a). This indicated a high proportion of heterotrophic in the biofilm system.
When the rewetting started, the Al value raised significantly and then decreased rapidly as
rewetting progresses, remaining below 200 after 3 days of rewetting (Figure. 3b,c). In addition,
no matter the duration of desiccation, the Al was both recovered to the control level after 20 days
of rewetting (t-test, p>0.05, Figure 3b,c), indicating recovery of flow promoted autotrophy of

biofilms.

12001 a 1200 | b 1200 | C

a
900 900 | 900 |
a
| et [
< 6001 << 600 << 600 |
| b
b
300 | b bobed b 3001 b tI) E 300 | .
a o [Ty (B ¢ ¢ Lol g oy

o+
Con.DO D1 D3 D5 D7D10D25D9S0

Desiccation

RO R1 R3 R5 R7 RIO R20

25-Rewetting

RO RI R3 R5 R7 RI0 R20
90-Rewetting

Figure 3. The value of Al (a-c) of biofilm during alternation of desiccation and rewetting. The lines at Al value 200
(a, b, and c) indicate a high proportion of heterotrophic in the biofilm. The dotted lower and upper lines indicate the
range of values for the control group(b, c). The error bars indicate standard deviation between parallel samples. The
albaphtical letters abc indicate significant differences between samples.

As shown in Figure S4, CR and GPP decreased gradually as the desiccation time
increased (Figure S4 a,d), which was consistent with previous studies (Acufa et al., 2015,
Zlatanovi¢ et al., 2018, Colls et al., 2019). The resistance of biofilms to desiccation was also
calculated, as shown in Figure 4d. The resistance of CR has decreased significantly within the
first 10 days of desiccation and then stabilized at 67.22 +=-8.7%. The resistance of GPP was
observed to continue declining, reaching nearly 0 after 90 days of desiccation. After longer
desiccation, resistance to GPP continued to decrease, resulting in a significant decrease in
GPP:CR (Figure 4a). The ecosystem metabolism of biofilm changed to heterotrophic
metabolism. At the same time, there were differences in the best fitting models of the
perturbation response of ecosystem metabolism (Figure 4d). The response of resistance to GPP
was better described by an exponential curve with three parameters and X2 (r>= 0.97326), while
CR was better described by a sigmoid logistic curve with four parameters (r?= 0.99931), a sign of
its ecological threshold in the disturbance-response relationship (Acuf® et al., 2015).

After further rewetting, CR gradually recovered to stable levels of control after 10 days
(Figure S4b,c). Note that CR had a “brich effect” on the first day of the 90-Rewetting group
(Figure S4) (Sabater et al., 2016, Murpz et al., 2018). At higher resilience (Figure 4e), GPP
increased with the prolongation of the rewetting cycle, however, at the end of the 20-day
rewetting experiment, it had not yet reached stability (Figure S5e,f). There was no obvious
pattern of the change of resilience in the rewetting experiment (Figure 4e). From the point of
view of average resilience, the average resilience of GPP of biofilm decreased from 0.173 to
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0.130 after longer desiccation (Figure 4e). Conversely, the average resilience of CR was from
0.0522 and increased to 0.0856 (Figure 4e). The average resilience of GPP was always higher
than that of CR.
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% a b i E.‘— c Control
B a L - b ‘
g b = 0.6 0.6
O 100 - % be b ¢ [
Gy c =4 be 3 =4
= 204 Coal e 7 ;
N A 0.44 a 0.
5! & 2y &
e 504 8 © ©
o £ ] ]
g 0.2 0.2
&
: u
0 T —— - T 0.0 H— . : T 0.0 +— T - :
DO D1 D3 D5 D10 D25 D90 RO R3 R5 R7 RI0 R20 RO R3 R5 R7 RI10 R20
Desiccation 25-Rewetting 90-Rewetting
50 ._
100{d = CR Resistance e = CR Resilience
St ] GPP Resistance —~ 401 ° L] GPP RCSiliCnCC
9-\0/ 80- . Ah Y\ O\o
15} y:Amin+(Amax_Amin)/(1+(XO/X) h) S \d)/ 30
Q [} Q
£ 60 R%=0.99 = .
< 4 o
7] X/t X/t 5 201
g 401 Y=YotA (1-e ) +A,(1-e™) 2 ° u
3 7 o ®
x R?=0.955 10{ o m . N .
Q@
20 ° n
S 3 ’ 0 - N . SR
DID3D5 D10 D25 D90 R3 R5 R7 RI0 R20 R3 R5 R7 RI0 R20
Desiccation 25-Rewetting 90-Rewetting

Figure 4. The ecosystem metabolism (represent by the ratio of GPP and CR, a-c) and the resistance of GPP and CR
during desiccation (d), and the resilience of GPP and CR after rewetting (€). The shaded grey panels in b and ¢
indicate control. The error bars indicate standard deviation between parallel samples. The albaphtical letters abc
indicate significant differences between samples.

3.4 The potential activity of carbon metabolism of biofilms

3.4.1 Effects of desiccation on the carbon metabolism of biofilms

During desiccation, the total AWCD value of biofilms decreased significantly at the
beginning (t-test, p<0.05) and then fluctuated steadily on the control level before the complete
drought (t-test, p>0.05) (Figure 5a). The potential activity of biofilm carbon metabolism
decreased significantly lower than that of the control group (t-test, p<0.05) after the biofilm was
the complete drought (Figure 5a).

To evaluate the biofilm metabolic functions in a physiologically relevant approach, 31
carbon sources were classified into six categories, including carbohydrates, amino acids,
polymers, amines, carboxylic acids, and miscellaneous. Similar response patterns with the total
AWCD were observed in the polymers, carbohydrates, amino acids, and carboxylic acids during
desiccation (Figure S5a-d). Different response patterns were observed in the metabolism of

10
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amines and miscellaneous (Figure 5b,c, and Figure S5e,f), with a significant increase in the two
carbon species during the first week of desiccation, followed by significant reductions (t-test,
p<0.01, Figure 5b,c, and Figure S5e,f). The carbon consumption selectivity of biofilm
communities during the desiccation process is explained by the difference in the utilization ratio
of different carbon sources (Miao et al., 2021).

The results of the Shannon-Wiener diversity index (H), Simpson diversity index (D), and
Pielou evenness index (E) of dynamic changes during desiccation are shown in Table S4. The
metabolic function diversity index showed a significant increase (t-test, P-value<0.05) with the
desiccation period (Table S4). The high index indicated that desiccation promoted the metabolic
functional diversity of biofilm.

3.4.2 Effects of rewetting on the carbon metabolism of biofilms

The dynamic changes of the total AWCD values during the rewetting experiment are
shown in Figure 5d,g. The same response patterns were observed in both processes, regardless of
the desiccation period (Figure 5d,g). During the first three days of the rewetting experiment, the
total AWCD value increased significantly and then fluctuated steadily (Figure 5d,g). The
difference here was that the biofilm stabilizes at the control level after 25 days of desiccation and
did not return to control after a longer desiccation period (Figure 5d, g). As for the different
carbon source specials of biofilms during the rewetting experiments, similar response patterns
with the total AWCD were observed for polymers, carbohydrates, miscellaneous, and carboxylic
acids (Figure S6a-d and Figure S7a-d). The metabolic response patterns of six different carbon
sources after long desiccation were more consistent with those of the total carbon source (Figure
S7a-d) as the total metabolic rate. The utilization of miscellaneous remained at the lowest levels,
indicating the selective carbon consumption of biofilm communities (Figure S6¢ and Figure S7c)
(Miao et al., 2021).

The metabolic functional diversity index did not show a significant difference at different
rewetting times (Table S5 and Table S6). It is noteworthy that the Shannon-Weiner diversity
index decreased significantly with the recovery of flow in group 25-Rewetting. Low index
suggested that rewetting reduced the metabolic function diversity of biofilms (ANOVA, P-value
<0.01).
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Figure 5. The total AWCD of biofilm (a, d, g) and specific carbon sources that differ from the overall pattern of
metabolism (b, c, e, f, h, i) during the alternation of desiccation and rewetting. Linerar fits of control data (a, b, c)
indicate 95% confidential level. The shaded grey panels (d, e, f, g, h, i) indicate control. The error bars indicate
standard deviation between parallel samples. The albaphtical letters abc indicate significant differences between
samples.

3.4.3 Effects of drought duration on carbon source utilization diversity

Microbial functions differed significantly between the 90-Rewetting group with other
experimental stages (ANOVA using distance matrices, Bray-Curtis dissimilarity, p<0.05, Figure
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6a), while there was no significant difference between the 25-Rewetting group and the Control
group (ANOVA using distance matrices, Bray-Curtis dissimilarity, p>0.05, Figure 6a). The
Shannon Diversity Index and the Simpson Diversity Index also showed that short-term
desiccation had a reversible effect on biofilm metabolic diversity, while long-term desiccation
could not (Figure 6b,c).

Bray NMDS
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0.10 stress=0.149
a b
= x
S 3.45) ——
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)
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a 2 340 o
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£ 335, R
3 ooy
0.05 s
o 3.30 o
-0.1 0.0 0.2 Control Desiccation 25-Rewetting 90-hEW'etting
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Figure 6. Non-metric multidimensional scaling (NMDS) of all carbon sources (n=31) across experimental stages
(Control, Desiccation, 25-Rewetting, 90-Rewetting) (a). Functional diversity of biofilms as the Shannon-wiener
index (b) across the experimental stages (* p < 0.05, ** p < 0.01).

4 Discussion

In this study, the effects of different non-flow periods on the dynamic responses to flow
recovery of biofilm metabolic activity were studied using biomass, integrated function indicators
(Al and GPP:CR), and carbon metabolic activities. The first thing to be noted that the results of
indoor simulation experiments should be carefully extrapolated to the field conditions. Although
the irrelevant variables (light, temperature, and organic matters) during the desiccation can be
eliminated through such controlled experiments, the disadvantage is that the environmental
changes in natural waters are potentially more extreme and stressors can co-occur (Colls et al.,
2019, Acufa et al., 2015).

4.1 Response patterns of the biomass and integrated function indicators of biofilm

The results showed that desiccation had a significant effect on the physical structure and
biomass of biofilms, and biofilms were completely dehydrated after 10 days. Then, when the
rewetting began, the water content, biomass, and micromorphology of biofilms responded
rapidly (5-7 days). Regardless of how long the desiccation lasted, they can be returned to the
control level (Timoner et al., 2012).

Different response patterns were observed for these two integrated function indicators. In
the desiccation experiments, Al increased gradually to over 200, and GPPP:CR decreased
gradually, indicating that the increase of the desiccation period would cause severe damage to
the autotrophic group and promote heterotrophy of biofilms, consistent with previous studies
(Acura et al., 2015, Delgado et al., 2017). Decreases in Al values and increases in GPP:CR
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values in rewetting experiments indicate that the major functional groups in the biofilms are
moving to the autotrophic group (Acufa et al., 2015). The dormancy mechanism of algae and an
increase in ambient temperature may partly explain why the recovery rate after 90 days of
desiccation is faster than after 25 days, contrary to our hypothesis that the response rate of
rewetting after 90 days desiccation is lower than that after 25 days.

Different disturbance-response relationships of GPP and CR during the desiccation and
rewetting were confirmed by different resistance and resilience of biofilm GPP and CR to flow
desiccation and flow recovery. The resistance of biofilm GPP was always lower than that of CR,
resulting in a continuous decrease in GPP:CR during desiccation, consistent with previous
studies (Timoner et al., 2012 , Acuf® et al., 2015). During the rewetting process, the average
resilience of the GPP was higher than that of CR, so that the ecosystem metabolism was
gradually restored and converted to an autotrophic body. In addition, the GPP disturbance-
response relationship was exponent while the relationship was sigmoid for CR, suggesting that
flow desiccation exhibit an immediate effect on autotrophs while the effect on heterotrophs was
delayed.

Timoner reports that the mechanism of rapid recovery of autotrophic groups from
rewetting may be related to the physiological restoration of dry algae and cyanobacteria that
remain on the surface of cobblestones(Timoner et al., 2012). So, the increase of effects of
duration and severity of the desiccation period may cause more damage to the recovery
mechanism, causing the decrease of the average resilience of GPP after long-term desiccation
(Figure 4e). The recovery mechanism of heterotrophic taxa may be the accumulation of organic
matter (dissolved or granular organic carbon) on the riverbed and in the biofilm during
desiccation, which may facilitate rapid respiration after rewetting (Colls et al., 2019). Therefore,
the accumulation of organic matter on the river bed increases with the prolongation of the
desiccation period, which may lead to an increase in the average resilience of CR after 90 days of
desiccation (Figure 4e). Besides, the enhanced CR on the first day of rewetting (Figure S4c)
resembles the “birch effect” (pulse of respiration on rewetting a dry soil), which may
significantly influence the carbon balance of the ecosystem (Sabater et al., 2016).

It should be noted that the biofilms’ CR achieved stability to the control after 10 days of
rewetting. However, at the end of the rewetting, the GPP continued to increase to the control
level but did not achieve stability, regardless of the duration of desiccation. It indicated that GPP
is strongly inhibited in desiccation, although the resilience of GPP is higher, it still needs a long
recovery time. This should be the focus of our subsequent experimental studies to determine the
recovery time and the final state of GPP.

4.2 Response patterns of biofilm carbon metabolism

Since the ecological indicators such as GPP, CR, and Al only reflect the integrated
functions of biofilms, the carbon metabolic activity determined by Biolog EcoPlate provides
more detailed information about the dynamic responses of biofilm metabolism to dry and wet
stress. During desiccation, the value of total AWCD decreased significantly on the first day and
then remained at the control level (Figure 5a). After the complete drought of biofilms, the total
AWCD began to decrease, while high potential carbon metabolism was observed after 25 and 90
days of desiccation. This phenomenon may be due to the existence of functional redundancy taxa
in biofilm communities. Several studies have found the high potential activity of enzymes during
desiccation (Pohlon et al., 2018, Su et al., 2020). This high potential activity increases during
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desiccation, probably due to the continuous production of enzymes, or because the turnover rate
slows down (Acufa et al., 2015).

In this study, the length of the non-flow period resulted in different responses of carbon
metabolism in biofilms to flow recovery. After flow recovery, the biofilm from different non-
flow periods exhibited a similar response pattern, while the recovery rate of carbon metabolism
was slower after 90 days of desiccation. And the total AWCD was still below the control level at
the end of the rewetting (Figure 5d,g). This suggests that prolonged desiccation has irreversible
effects on carbon metabolism in biofilms. According to the response trends of different carbon
sources during rewetting, with the increase of desiccation, the response trends of all carbon
sources metabolism are gradually unified, which means that long-term desiccation may reduce
the existence of functional redundancy taxa, and the microorganism can recover from the
damaged state.

Meanwhile, the metabolism of amine and amino acid carbon sources has always shown a
different trend from that of the total metabolism. In addition, enzymes might already be available
when favorable conditions occur and are useful for rapid metabolism recovery in the initial phase
of rewetting. Carbon metabolism thus manifests itself as ‘stress recovery’, i.e., higher than the
control state and tended to over-compensate for their desiccation losses at the beginning of
rewetting (Pohlon et al., 2018). Previous study found that contrary to the activities of other
enzymes, the phenylalanine (amino acids) activity increased with increasing dryness (Gionchetta
et al., 2020). Therefore, we speculated that this may be the reason behind our results, which
show that only amino acid metabolic does not show ‘stress recovery’ at the initial stage of
rewetting.

From the point of the diversity of carbon metabolism, it can also be found that the time of
desiccation has significantly different effects on the metabolic function of biofilms (Fasching et
al., 2020). Rewetting after short-term desiccation can restore the carbon metabolism function of
biofilms in terms of activity and diversity (Figure 6). However, long-term desiccation has
irreversible effects, and even the recovery of water flow after long-term desiccation is an
interference with the arid system, which will further damage instead of recovery for biofilm
metabolism (Datry et al., 2018 , Ge et al., 2018).

4.3 Environmental implication

According to the results of the present study, different response patterns were observed
with the alternation of desiccation and rewetting of biofilms metabolism (GPP, CR, Al, and
carbon metabolism). During desiccation, the ecosystem metabolism of biofilms (PR ratio) was
inhibited due to the different resistance mechanisms of CR and GPP. In addition, we found that
after 90 days of prolonged desiccation, ecosystem metabolism could not recover stabilizable to
the control level within 20 days of rewetting (Figure 4b,c). And the total carbon metabolism of
biofilm was not recovered to the control level after long-term (90 days) desiccation, suggesting
that long-term desiccation and short-term desiccation have different effects on the carbon
metabolism function of IRES ecosystem. In addition, some carbon source categories, amine and
amino acid, have different response modes to rewetting response (Figure 5), indicating the
selectivity of carbon metabolism in biofilms, which have important effects on the carbon
biogeochemistry cycle of IRES.
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These results provide some new insights for international decision-making on the
restoration of ecological flows in IRES. From the perspective of the integrated function index
and carbon metabolism, the ecological restoration of IRES should consider all river function
indicators and select at least some important functional indexes based on the local ecological
functions of IRES. Due to the different recovery times and degree of various biofilm functional
indicators, to ensure the recovery of the overall ecological function of IRES, the index requiring
a longer recovery time should be taken into consideration first.

5 Conclusions

In this study, the effects of duration of the non-flow period on the dynamic responses of biofilm
metabolism to flow recovery were investigated. Based on the results, the following main
conclusion were suggested:

1. The biofilm was completely dehydrated 10 days after desiccation, and the potential carbon
metabolism of the biofilm remained highly active until the complete dehydration.

2. Most of the functional index of biofilms from the short-term desiccation treatments (25 days)
were recovered to that of the control level after 20 days of rewetting.

3. The ecosystem metabolism and carbon metabolism of biofilms can not be restored to the
control level after 90 days of desiccation, indicating that prolonged desiccation causes
irreparable damage to the metabolic function of the biofilm.

4. Some carbon source categories, amine and amino acid showed different response modes to
rewetting, indicating the selectivity of carbon metabolism in biofilms, which had important
effects on the carbon biogeochemistry cycle of IRES.

5. In order to ensure the recovery of IRES's overall ecological function, the index requiring a
longer recovery time should be taken into consideration first.
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Figure 1. The alternation of desiccation and rewetting experiment time axis

Figure 2. ESEM of biofilm during alternation of desiccation and rewetting. Each image is a
detailed image in the red box at the top right. DO is day 0 of desiccation and RO is day 0 of
rewetting.

Figure 3. The value of Al (a-c) of biofilm during alternation of desiccation and rewetting. The
lines at Al value 200 (a, b, and c) indicate a high proportion of heterotrophic in the biofilm. The
dotted lower and upper lines indicate the range of values for the control group(b, c). The error
bars indicate standard deviation between parallel samples. The albaphtical letters abc indicate
significant differences between samples.

Figure 4. The ecosystem metabolism (represent by the ratio of GPP and CR, a-c) and the
resistance of GPP and CR during desiccation (d), and the resilience of GPP and CR after
rewetting (e). The shaded grey panels in b and c indicate control. The error bars indicate standard
deviation between parallel samples. The albaphtical letters abc indicate significant differences
between samples.

Figure 5. The total AWCD of biofilm (a, d, g) and specific carbon sources that differ from the
overall pattern of metabolism (b, c, €, f, h, i) during the alternation of desiccation and rewetting.
Linerar fits of control data (a, b, c) indicate 95% confidential level. The shaded grey panels (d, e,
f, g, h, i) indicate control. The error bars indicate standard deviation between parallel samples.
The albaphtical letters abc indicate significant differences between samples.

Figure 6. Non-metric multidimensional scaling (NMDS) of all carbon sources (n=31) across
experimental stages (Control, Desiccation, 25-Rewetting, 90-Rewetting) (a). Functional diversity
of biofilms as the Shannon-wiener index (b) across the experimental stages (* p < 0.05, ** p <
0.01).
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